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Doubly endangered 


The landmark Endangered Species Act in the United States needs more flexibility and fresh thinking — but 
not of the kind being advocated by the Bush administration. 


n 1995, then-US Senator Dirk Kempthorne (Republican, Idaho) 
wrote to The New York Times decrying accusations that his effort 
to reform the Endangered Species Act was actually an attempt to 
dismantle it. The debate had become “so polarized”, Kempthorne 
wrote, that anybody advocating change would be “quickly tagged as 
anti-environment”. 

He had a point. The act, among the most wide-ranging environ- 
mental laws in the world, is designed to protect any critically endan- 
gered species in the United States from extinction by any form of 
economic development. It was passed in 1973, when environmental 
idealism pretty much trumped every other consideration — not a 
single senator voted nay. But opposition built quickly, as people began 
to realize that the word ‘species’ applied not just to photogenic bald 
eagles, but to fish, rodents, plants, insects and a host of other organ- 
isms they had never heard of. The snail darter fish and the spotted 
owl could stop major dam-building and logging operations in their 
tracks. Many Americans came to see the act as a symbol of federal 
regulation run amok — even as committed environmentalists came 
to see it as the ultimate backstop, the statute whose powers could be 
invoked when all other planning and conservation tools failed. 

Thus Kempthorne’s frustration. His 1995 effort in the Senate to 
reform the act was ultimately futile, but it was a serious attempt to 
seek common ground on the issue. 

Thirteen years later, Kempthorne is Secretary of the Interior in 
the Bush administration and he can no longer make that claim. His 
latest efforts to alter the act are neither benign nor bipartisan. Cur- 
rently, federal agencies giving permission for any project such as a 
road, a dam or logging must consult with the US Fish and Wildlife 
Service to ensure that no endangered species are at risk. But under 
Kempthorne’s latest proposal, announced earlier this month, agen- 
cies would be allowed to skip that step if their own analysis finds 
such action unnecessary. In the wrong hands, this authority would 
effectively end oversight on projects and promote the relentless 
development that is steadily consuming the world’s remaining 
natural habitats. 


Exaggerated burden 

There is a lot to be said for addressing the Fish and Wildlife Service's 
workload; its biologists are swamped with tens of thousands of project 
consultations each year. But that problem is best addressed by giving 
the agency more money and people, and perhaps by finding ways for 
other agencies to share the paperwork — not by gutting the concept 
of scientific review. 

More broadly, critics of the act should concede that its burdens 
have been greatly exaggerated. Although the law has a powerful regu- 
latory hammer, it is seldom deployed; permits for projects known to 
harm species or their habitat are granted all the time. Nor is the act 
inflexible. Administrators have developed creative mechanisms that 


provide incentives for landowners to manage their land to benefit 
threatened or endangered species. 

At the same time, environmentalists who tirelessly defend the act 
would be wise to acknowledge its faults. It has indeed helped to res- 
cue high-profile species from the brink of “Environmentalists 
extinction, and served as the catalyst for : 
conservation efforts that go well beyond who tirelessly 
individual species. One example is regu- defend the act 
lation of the Edwards Aquifer in semi- would be wise to 
arid southern Texas, the water source not acknowledge its 
only for the fountain darter fish and other faults” 
imperilled species but also for 1.7 million ; 

Texans. But the numerous controversies engendered by the act have 
sparked a backlash that has set back the cause of conservation. “Shoot, 
shovel and shut up,’ goes a common rural refrain. 

Moreover, protection under the act for individual species and their 
habitat is generally doled out by judges, not biologists. And when it 
comes to habitat loss in general — the biggest threat — the act is quite 
constrained. Although protecting ‘indicator or ‘keystone’ species can 
bring about broader habitat protection that benefits other species, this 
the approach is still, at its core, purely reactive. 


Looking forward 

What is needed is a proactive system for evaluating and protecting 
habitat and biodiversity and the benefits they bring to people. How 
to go about that task is a difficult question, but one that the interna- 
tional biodiversity community is actively pursuing. One proposal is 
for a biodiversity science panel under the United Nations, similar to 
that for global warming. Another is a biodiversity monitoring net- 
work to gather hard data on a global scale. We commend and encour- 
age these efforts. Nevertheless, each nation will ultimately need to 
apply any lessons learned within their own legal frameworks. 

Were policy-makers in the United States to start from scratch and 
rewrite the Endangered Species Act today, they would probably come 
up with something quite different — including an emphasis on the 
kind of broad habitat plans that would protect healthy species before 
they begin to decline. 

Unfortunately, amending the act has proved almost impossible (the 
last significant change was in 1982). But even within the existing 
framework, there is room for the next administration to manoeuvre. 
Former interior secretary Bruce Babbitt, who served under President 
Bill Clinton, initiated the first conservation plans designed to pro- 
tect multiple species — including many that were not yet listed. And 
although subsequent implementation and monitoring have fallen 
short on some of these plans, the principle remains sound. 

In this context, the fact that creative regulations have been imple- 
mented under the existing statute might well be the only cause for 
optimism in an otherwise stale debate. | 
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After Musharraf 


Pakistan's elected governments should break the 
habit of a lifetime and give due priority to science. 


elected politicians — and, paradoxically, have treated 
that nation’s scientists far better than the much less stable 
civilian administrations. 

General Pervez Musharraf, whose nine-year rule ended with his 
resignation on 18 August, was a prime example: his regime greatly 
strengthened the foundations for a Pakistani knowledge economy, 
instituting reforms that included bigger research budgets, an ambi- 
tious university-building programme, a nationwide digital library, a 
scheme to attract international faculty, and performance-related pay 
for professors. Many of the changes have been praised in external evalu- 
ations within the past year, including those of the World Bank, the 
US Agency for International Development and the British Council. 

But a week after Musharraf was forced to go, the governing coalition 
of political parties that replaced him has collapsed. Worryingly, Paki- 
stan’s governance of its science seems all set to revert to the situation 
that prevailed under previous elected governments, when the science 
and education ministries were often afterthoughts — and, in the case 
of science, with laughable budgets, no ministers and no leadership. 

Is history repeating itself? Pakistan has lacked both a science and 
an education minister for several months, important projects are on 
hold and budgets have been cut. Only one out of nine planned new 
universities with international partners is to go ahead on schedule 
and, in spite of earlier promises to the contrary, the higher-education 
budget for the fiscal year 2007-08 has been cut from US$438 million 
to US$364 million. Vice-chancellors at 12 universities have had to 
take out bank loans to pay salaries. 

The future of Atta-ur-Rahman, the former president’s long-serv- 
ing science adviser, is also uncertain. Atta-ur-Rahman, a professor of 


M ilitary strongmen have ruled Pakistan for longer than 


natural product chemistry at the University of Karachi, was the chief 
architect of reforms under Musharraf, who once boasted that he had 
so much confidence in his adviser that Atta-ur-Rahman’s ideas would 
be funded “without reservation” 

But amid the turmoil, there are reasons for optimism. Nina Fedor- 
off, science adviser to US Secretary of State Condoleezza Rice, was 
in Islamabad earlier this week for talks on ramping up US assist- 
ance to Pakistan's science programmes. The United States and Paki- 
stan together contribute $150 million to what is the world’s largest 
Fulbright programme of fellowships, enabling Pakistani students 
to go to the United States for postgraduate study and research. In 
addition, Pakistan is slated to receive a further $7.5 billion in US aid 
over the next five years and Pakistani officials would like 20% of this 
earmarked for science and innovation. 

Another reason to be optimistic is that this round of non-military 
government could be stabler and stronger than previous ones. The 
incoming government will be dominated by the Pakistan Peoples Party, 
led by Asif Ali Zardari, the widower of the murdered ex-Prime Minister 
Benazir Bhutto. Should Zardari become the new president, this will 
bring a measure of stability and an opportunity for real change. Previous 
elected governments dropped the ball on science and education because 
they were weak and spent a lot of effort — unsuccessfully — keeping the 
generals at bay. Zardari’s party has a majority in parliament and Paki- 
stan’s military is so far showing little interest in returning to politics. 

But the Peoples Party has some learning to do. Its previous record 
on science is among the most misguided of all Pakistan's elected gov- 
ernments, and Zardari himself has served time in prison on corrup- 
tion charges — which he denies. In the late 1970s, the party’s founder 
Zulfikar Ali Bhutto diverted scarce resources and personnel into build- 
ing the nuclear bomb. His daughter Benazir’s contribution during the 
1980s and 1990s was a science ministry without a dedicated minister. 

A return to the pre-Musharraf era would send Pakistan back to 
the scientific stone age. The new government needs to recognize that 
regardless of how much it disliked him, the general bequeathed it a 
foundation in science and technology on which it can build. 7 


Future transport 


The hike in the price of oil means that new ways of 
fuelling transport are no longer fantasy. 


twentieth-century revolutions in transport: humankind’s abil- 

ity to move goods and people around the planet by boat, train, 
car and plane. The global transportation network allows consumers 
to buy crisp New Zealand apples in London, fresh seafood in Okla- 
homa City and Chinese-manufactured goods everywhere. 

Indeed, transportation is so integral to the global economy that 
14% of the world’s greenhouse-gas emissions come from that sector 
alone. And in the developing countries especially, that fraction is 
growing rapidly. Witness the explosion of private transport, which 
has always been a symbol of wealth: Beijing gets another 1,000 cars 
every day. Earlier this year, India’s Tata Motors unveiled the world’s 
cheapest car, a $2,500 bubble called the Nano. There is every reason 


ve globalized economy largely rests on nineteenth- and 
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to expect that car ownership will continue to increase towards that 
of the already developed nations, where between a third and half of 
the population ownsa car. 

This is why managing the greenhouse emissions from transportation 
has emerged as a major challenge in the twenty-first century. Ina series 
of Special Reports (see http://tiny.cc/CyqtP) that concludes this week, 
Nature has looked at technologies that could help accomplish that goal. 
Some are relatively familiar, such as fuel cells running on hydrogen split 
from water via solar or wind power. Others have a definite back-to-the- 
future feel, such as kite-powered ships or steam-powered trains (see 
page 1036). All could have a significant impact. 

Not so long ago most of these ideas would have been dismissed as 
pipe dreams. Today, if the soaring price of oil has a silver lining, it is that 
the push for alternative transportation technologies has become real and 
serious. Major research investments are being made by government, 
industry and venture capitalists. But oil prices are notoriously volatile; 
at this particular moment they seem to be declining. The challenge 
for policy-makers in every sector is to make sure those investments in 
future transportation are sustained for the long haul. 7 
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Silicon enhancement 


Science 321, 1069-1071 (2008) 

The formation of compounds containing 
silicon usually involves the silicon atoms 
changing their oxidation states. But Gregory 
Robinson, Paul von Schleyer and their 
colleagues at the University of Georgia 

in Athens have produced a stable silicon 
compound in which the silicon stays in its 
‘zero oxidation state’ Silicon atoms in this 
state are normally highly reactive, but on this 
occasion are attached to large carbon-based 
rings that stabilize them. 

The researchers verified this outcome with 
X-ray crystallography: if the silicon atoms 
were in an oxidation state of ‘+2? the molecule 
would be flat, but it is bumpy. And from bond- 
length measurements, it seems that the two 
silicon atoms in the compound are connected 
to each other by a double bond. They have 
one free pair of electrons and another pair 
donated by the organic attachment. 


Commonality and cuckoos 


Behav. Ecol. Sociobiol. doi:10.1007/s00265-008- 
0618-0 (2008) 
Natural selection is driving birds that are 
parasitized by common cuckoos (Cuculus 
canorus) to lay clutches of more uniformly 
patterned eggs, researchers have found. 
Working around the village of Apaj 
near Kiskunsag National Park in Hungary, 
Csaba Moskat of the Hungarian Academy 
of Sciences and his co-workers painted 
different numbers of specks onto the first 
three eggs laid in ten great reed warbler 
(Acrocephalus arundinaceus, pictured 
below) nests. They then painted the fourth 
eggs to arrive in those nests and in 21 others 
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Water bomb 


J. Am. Chem. Soc. doi:10.1021/ 
ja802248m (2008) 


Water trapped inside 
barrel-shaped enzymes 
called chaperonins could 
be crucial to the way 
they help proteins fold. 
Without such attendance, 
complicated proteins 
would fail to form their 
proper arrangement, 
and consequently would 
not work. 

Vijay Pande and his 
colleagues at Stanford 
University in California 
followed the change 
in shape that exposes 
hydrophilic chemical 
groups on the inner surface 
of a chaperonin complex 
called GroE (pictured) as 
the enzyme takes in an 
unfolded protein. Using 
computer simulations, 


to look like parasitic eggs. 

Egg uniformity foils cuckoos, the warblers’ 
behaviour revealed. Warblers with eggs 
manipulated to be more different from one 
another tolerated the fake parasitic egg 40% 
of the time; that figure was just 5% for the 21 
control nests. 


Suffocating tuberculosis 


Proc. Natl Acad. Sci. USA 105, 11945-11950 (2008) 
A compound that inhibits the production 
of ATP, the primary energy carrier in 
cells, could make treating tuberculosis 
a little easier, report Kevin Pethe at the 
Novartis Institute for Tropical Diseases in 
Chromos, Singapore, and his colleagues. The 
disease-causing bacterium Mycobacterium 
tuberculosis can evade treatment by entering 
into a quiescent, non-dividing state that is 
resistant to current therapies. 

Pethe and his team found that ATP 
levels in these bacteria are five- to sixfold 
lower than normal, but that quiescent 
M. tuberculosis does still require ATP to 
survive. They reasoned that this could render 
the microbe particularly susceptible to drugs 
that inhibit ATP synthesis. And, as it turns 
out, one such inhibitor that acts in a dose- 
dependent manner, R207910, kills quiescent 
M. tuberculosis at levels that don't kill 
other cells. 
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they suggest this process 
enables GroE to sequester 
minute amounts of water 
(red and white) in its active 
site. This water creates 
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a driving force for the 
protein to fold, burying its 
hydrophobic surfaces in the 
interior of the structure that 
it eventually forms. 


Antimatter bounces back 


Phys. Rev. A 78, 022506 (2008) 
In the early 1990s, physicists at CERN in 
Switzerland watched as antiprotons and 
helium annihilated in flashes of energy. But 
their experiment also yielded an unexplained 
secondary string of annihilations in the 
facility's experimental chamber. 

Andrea Bianconi of Italy’s National 
Institute of Nuclear Physics in Brescia and his 
colleagues have now modelled what happened. 
Their calculations show that some antiprotons 
bounced off the aluminium back wall before 
striking helium atoms. Their model, which 
matches the data, shows that roughly a 
quarter of the antiprotons were reflected by 
aluminium nuclei. Not all matter-antimatter 
interactions end with a bang, it seems. 


Serotonin for mothers 


Nature Neurosci. doi:10.1038/nn.2176 (2008) 
The neurotransmitter serotonin is known to 
be important in mood and behaviour; now 
researchers have shown that its function is 
also essential to the survival of baby mice. 
Evan Deneris at Case Western Reserve 
University in Cleveland, Ohio, and his 
colleagues compared the reproductive 
success of normal mice with that of animals 
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lacking many of the neurons that produce 
serotonin. Litters in the care of mothers with 
low serotonin levels died within a few days of 
birth despite adequate nursing. 

The mothers’ behaviour explained this: 
they built poor-quality nests and did not keep 
their offspring huddled together, leaving 
the litter exposed to the cold. When these 
mothers’ young were fostered by normal 
mothers immediately after birth, their odds 
of living rose to normal. 


PALAEOBIOLOGY 
Megabite 


J. Zool. doi:10.1111/j.1469-7998.2008.00494.x (2008) 
How hard can a great white bite? The shark 
(Carcharodon carcharias) can chomp with 
about 18,000 Newtons of downward force — 
the strongest known bite of any living species 
— and its habit of shaking its head from side 
to side might increase this further. 

Stephen Wroe at the 
University of New South 
Wales in Sydney, Australia, 
and his colleagues calculated 
this flesh-ripping force 
from a three-dimensional 
computer model of the 
animal’s skull, jaw and 
muscles (pictured right). 
Sharks’ skeletons are made of 
cartilage rather than the much 
stiffer bone, and although this 
causes the jaws to undergo 
greater deformation, it 
seems to be no impediment 
to a powerful bite. 

The team estimates that 
the even larger extinct shark 
C. megalodon, which is thought to have 
hunted whales, may have bitten with an order 
of magnitude more force. 


MATERIALS SCIENCE 


Finding focus 


Appl. Phys. Lett. 93, 05311 (2008) 
Physicists would like to make lenses from 
metamaterials — structures that can have a 
negative refractive index. Such lenses would 
tightly focus light over short distances with 
little or no distortion. So far, researchers 
have only been able to make crude versions 
of these lenses from aluminium oxide rods. 
But Didier Casse, Srinivas Sridhar and their 
colleagues at Northeastern University in 
Boston, Massachusetts, say they have built a 
two-dimensional metamaterials lens from a 
semiconductor crystal. 

The lens was made by carving a lattice into 
a layered indium gallium arsenic phosphide 


wafer. It can focus infrared light of the same 
wavelength as that used in common devices 
to a spot just 12 micrometres away from its 
surface. The authors say that the work could 
lead to smaller, more efficient digital cameras 
and sensors. 


GEOSCIENCES 


Soil sink surprise 


Nature Geosci. doi:10.1038/ngeo284 (2008) 

It is vital to know how much carbon is stored 
in Earth’s Arctic soils, because much of it 
could be released as greenhouse gases as the 
planet warms. 

Chien-Lu Ping at the University of 
Alaska Fairbanks in Palmer and his 
colleagues dug 117 one-metre-deep pits 
across the North American Arctic region to 
gather data on this pressing problem. They 
combined this with 22 existing datasets from 
shallower holes. 

Carbon content varied markedly according 
to land type, and the team’s measurements 
range from 3.4 to 55.1 kilograms of 
carbon per square metre. Their 
average of 34.8 kilograms per 
square metre is substantially 
higher than previous 
measurements of 
between 20 and 

29 kilograms per 
square metre, 

and suggests that 

current estimates 

of the total carbon 
stored in Arctic soils 
are too low. 


ZOOLOGY 


Under pressure 


Curr. Biol. 18, R695-R696 (2008) 

Wind turbines are bafflingly bad for bats, the 
bodies of which are often found beneath their 
blades. Erin Baerwald and her colleagues at 
the University of Calgary in Canada think 
they know why: the pressure differential near 
the blades causes decompression sickness in 
the animals. 

The team collected dead hoary bats 
(Lasiurus cinereus) and silver-haired bats 
(Lasionycteris noctivagans) at a wind facility 
in Alberta. During autopsy, they found that 
69 of the 75 bats had suffered haemorrhaging 
in the chest or abdomen, even though 32 
seemed to have no external injuries. The 
remaining six had an external injury but no 
evidence of internal bleeding. 

Bats apparently encounter the lethal 
pressure change as they flit close to the 
turbine blades. 
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RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


John Harte 
University of California, Berkeley 


An ecologist notes that 
important details are missing 
from climate-change models. 


Unmitigated climate change will 
gravely reduce Earth's biodiversity. 
How much this will happen is 
calculated by combining data 

on how the species richness of 
different habitats varies with their 
area and projections of how much 
various habitat types will shrink as 
the planet warms. 

But such grand analyses are 
blunt instruments; they miss 
numerous local processes. | have 
seen, for example, rosy finches 
and ptarmigans feeding on the 
contracting ring of vegetation that 
surrounds melting snow patches 
on Alpine slopes. Would these 
creatures survive the summer if the 
snow patches melted in late spring 
rather than late summer? Formed 
in existing mountainside hollows, 
snowbeds will not march uphill as 
the climate warms. 

This question was recently 
answered by Robert Bjork and Ulf 
Molau, then both at the University 
of Gothenburg in Sweden. They 
reviewed how the release of 
water and nutrients from the 
contracting edge of lingering 
snow patches sustains alpine 
life in midsummer by providing 
nourishing vegetation (R. Bjork 
and U. Molau Arctic Antarctic 
Alpine Res. 39, 34-43; 2007). The 
duo propose that bryophytes, 
grasses, sedges and rushes will be 
worst hit by the patches’ earlier 
annual disappearance, and that 
these easy-to-graze species will 
be replaced by shrubs and trees, 
hitting Alpine herbivores hard. 

This is just one example of the 
many impacts on biodiversity 
that fall through the cracks of 
current, coarse projections. Life 
and climate intersect on fine 
spatial and temporal scales 
— inthe microclimates provided by 
terrestrial ‘nurse plants’ and in rock 
pools that form fleetingly in bedrock 
depressions. The disruption of these 
delicate intersections may add up to 
even more damage to biodiversity 
than the large-scale models predict. 
This deserves more study. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 


1033 


lacking many of the neurons that produce 
serotonin. Litters in the care of mothers with 
low serotonin levels died within a few days of 
birth despite adequate nursing. 

The mothers’ behaviour explained this: 
they built poor-quality nests and did not keep 
their offspring huddled together, leaving 
the litter exposed to the cold. When these 
mothers’ young were fostered by normal 
mothers immediately after birth, their odds 
of living rose to normal. 


PALAEOBIOLOGY 
Megabite 


J. Zool. doi:10.1111/j.1469-7998.2008.00494.x (2008) 
How hard can a great white bite? The shark 
(Carcharodon carcharias) can chomp with 
about 18,000 Newtons of downward force — 
the strongest known bite of any living species 
— and its habit of shaking its head from side 
to side might increase this further. 

Stephen Wroe at the 
University of New South 
Wales in Sydney, Australia, 
and his colleagues calculated 
this flesh-ripping force 
from a three-dimensional 
computer model of the 
animal’s skull, jaw and 
muscles (pictured right). 
Sharks’ skeletons are made of 
cartilage rather than the much 
stiffer bone, and although this 
causes the jaws to undergo 
greater deformation, it 
seems to be no impediment 
to a powerful bite. 

The team estimates that 
the even larger extinct shark 
C. megalodon, which is thought to have 
hunted whales, may have bitten with an order 
of magnitude more force. 


MATERIALS SCIENCE 


Finding focus 


Appl. Phys. Lett. 93, 05311 (2008) 
Physicists would like to make lenses from 
metamaterials — structures that can have a 
negative refractive index. Such lenses would 
tightly focus light over short distances with 
little or no distortion. So far, researchers 
have only been able to make crude versions 
of these lenses from aluminium oxide rods. 
But Didier Casse, Srinivas Sridhar and their 
colleagues at Northeastern University in 
Boston, Massachusetts, say they have built a 
two-dimensional metamaterials lens from a 
semiconductor crystal. 

The lens was made by carving a lattice into 
a layered indium gallium arsenic phosphide 


wafer. It can focus infrared light of the same 
wavelength as that used in common devices 
to a spot just 12 micrometres away from its 
surface. The authors say that the work could 
lead to smaller, more efficient digital cameras 
and sensors. 


GEOSCIENCES 


Soil sink surprise 


Nature Geosci. doi:10.1038/ngeo284 (2008) 

It is vital to know how much carbon is stored 
in Earth’s Arctic soils, because much of it 
could be released as greenhouse gases as the 
planet warms. 

Chien-Lu Ping at the University of 
Alaska Fairbanks in Palmer and his 
colleagues dug 117 one-metre-deep pits 
across the North American Arctic region to 
gather data on this pressing problem. They 
combined this with 22 existing datasets from 
shallower holes. 

Carbon content varied markedly according 
to land type, and the team’s measurements 
range from 3.4 to 55.1 kilograms of 
carbon per square metre. Their 
average of 34.8 kilograms per 
square metre is substantially 
higher than previous 
measurements of 
between 20 and 

29 kilograms per 
square metre, 

and suggests that 

current estimates 

of the total carbon 
stored in Arctic soils 
are too low. 


ZOOLOGY 


Under pressure 


Curr. Biol. 18, R695-R696 (2008) 

Wind turbines are bafflingly bad for bats, the 
bodies of which are often found beneath their 
blades. Erin Baerwald and her colleagues at 
the University of Calgary in Canada think 
they know why: the pressure differential near 
the blades causes decompression sickness in 
the animals. 

The team collected dead hoary bats 
(Lasiurus cinereus) and silver-haired bats 
(Lasionycteris noctivagans) at a wind facility 
in Alberta. During autopsy, they found that 
69 of the 75 bats had suffered haemorrhaging 
in the chest or abdomen, even though 32 
seemed to have no external injuries. The 
remaining six had an external injury but no 
evidence of internal bleeding. 

Bats apparently encounter the lethal 
pressure change as they flit close to the 
turbine blades. 
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An ecologist notes that 
important details are missing 
from climate-change models. 


Unmitigated climate change will 
gravely reduce Earth's biodiversity. 
How much this will happen is 
calculated by combining data 

on how the species richness of 
different habitats varies with their 
area and projections of how much 
various habitat types will shrink as 
the planet warms. 

But such grand analyses are 
blunt instruments; they miss 
numerous local processes. | have 
seen, for example, rosy finches 
and ptarmigans feeding on the 
contracting ring of vegetation that 
surrounds melting snow patches 
on Alpine slopes. Would these 
creatures survive the summer if the 
snow patches melted in late spring 
rather than late summer? Formed 
in existing mountainside hollows, 
snowbeds will not march uphill as 
the climate warms. 

This question was recently 
answered by Robert Bjork and Ulf 
Molau, then both at the University 
of Gothenburg in Sweden. They 
reviewed how the release of 
water and nutrients from the 
contracting edge of lingering 
snow patches sustains alpine 
life in midsummer by providing 
nourishing vegetation (R. Bjork 
and U. Molau Arctic Antarctic 
Alpine Res. 39, 34-43; 2007). The 
duo propose that bryophytes, 
grasses, sedges and rushes will be 
worst hit by the patches’ earlier 
annual disappearance, and that 
these easy-to-graze species will 
be replaced by shrubs and trees, 
hitting Alpine herbivores hard. 

This is just one example of the 
many impacts on biodiversity 
that fall through the cracks of 
current, coarse projections. Life 
and climate intersect on fine 
spatial and temporal scales 
— inthe microclimates provided by 
terrestrial ‘nurse plants’ and in rock 
pools that form fleetingly in bedrock 
depressions. The disruption of these 
delicate intersections may add up to 
even more damage to biodiversity 
than the large-scale models predict. 
This deserves more study. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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Tanks roll on the streets of Gori. 


Georgian science pays price of conflict 


The brief war in Georgia has paralysed 
research throughout the country, halting a 
promising resurgence in science there. 

Seventy-two research projects have been 
stopped as a result of the Russian—Georgian 
conflict that erupted this month, says Natia 
Jokhadze, director of the Georgia National 
Science Foundation (GNSF) in Tbilisi. That 
represents 30% of the foundation's projects. 

Some of the suspended projects are disturb- 
ingly apposite. One is a study of how ethnic 
stereotypes fuel conflict between Georgian, 
Abkhazian, Ossetian and Russian ethnicities, 
being conducted at Tbilisi State University. An 
international conference on conflict potential 
and tourism development, scheduled to take 
place in early October in the town of Gori, near 
the border with the disputed region of South 
Ossetia, is expected to be cancelled. 

The crisis has hit Georgia midway into a 
sweeping reform of its science-funding sys- 
tem. The GNSFE a grant-giving agency set up 
in 2005 along Western lines, had planned to 
double its support of national science next 
year, from US$8 million to US$16 million. But 
given the costs of post-war reconstruction, the 
budget increase is now unlikely to materialize, 
says Jokhadze. Grants for young scientists and 
travel grants may have to be cut, she says. 

The capital Tbilisi remains unscathed. But 
on 12 August, Russian bombing of Gori set the 
university ablaze. The full extent of damage 
there and at universities, hospitals and schools 
in some of the more remote regions of Georgia 
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is still not clear, because roads and communi- 
cation channels are blocked or destroyed and 
journalists have been denied access. In a mes- 
sage posted on the Internet, Zaza Tsotniashvili, 
rector of Gori University, said that the damage 
was “extensive” and that the university might 
have to close. 

A ceasefire deal brokered by France officially 
took effect on 12 August, but military opera- 
tions continued until 17 August. 

International conservation charity WWF esti- 
mates that 280 hectares of forest have been burnt 
in the conflict, and warns that key conservation 
areas are under threat, including a biodiversity 
research hotspot in western Georgia. “Since last 
night, Russian helicopters are dropping bombs 
in the Borjomi Gorge, in the area of Borjomi- 
Kharagauli National Park,’ David Tarkhnishvili, 
a zoologist at the Ilia Chavchavadze State Uni- 
versity in Tbilisi, wrote on 16 August in an 
e-mail to Italian colleagues. “Multiple fire 
patches are currently spreading over the area.” 

Most foreign researchers who have been 
involved in international research projects have 
now left the country. Palaeontologist Lorenzo 
Rook of the University of Florence in Italy, 
who moved to Georgia in July to participate 
in an international archaeological study at the 
Plio-Pleistocene site of Dmanisi in southern 
Georgia, was evacuated by the Italian embassy 
on 10 August. The rest of the team, comprising 
students and scientists from Italy, Spain, the 
Netherlands and the United States, were also 
safely evacuated from the excavation site before 
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the Russian airforce began bombing a military 
base between Dmanisi and Tbilisi. 

Rook, who has visited Georgia regularly 
since 2000, says that the number of young, 
skilled native researchers has grown remark- 
ably quickly in the country over the past few 
years, part of a more general scientific resur- 
gence. “I hope Georgian science will recover 
from the current crisis equally fast, and that 
we can all go back and resume our work there 
as soon as possible,” he says. 

“We very much appreciate Western support,” 
says David Lordkipanidze, director-general 
of the Georgian National Museum in Tbilisi, 
who oversees the now-suspended excavations 
in Dmanisi. “Unfortunately, there is little else 
we can do other than wait from one day to the 
next for the Russian occupation of half of our 
country to end.” 

Luckily, he adds, the Dmanisi archaeological 
site, where the oldest human remains outside 
Africa have been found, is outside the con- 
flict zones. He is optimistic that the open-air 
museum being constructed there will open 
before the year’s end as planned, with a big 
celebration and a science festival. 

Russia last week began to withdraw its forces 
from Georgian territory, but military officials 
say troops will remain stationed in buffer 
zones around South Ossetia and Abkhazia. 
On 26 August, the Russian President, Dmitry 
Medvedev, recognized the two breakaway 
regions as independent states. 

Quirin Schiermeier 
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Particles from the new 
@ collider's beam detected 


Fresh doubts over T. rex chicken link 


A claim by researchers to have extracted 
proteins from a Tyrannosaurus rex bone and 
matched these to proteins found in chickens 
has been attacked in the same journal that 
published the original research. 

Ina withering critique, computational biol- 
ogist Pavel Pevzner and his colleagues at the 
University of California, San Diego, say that 
the protein claim cannot be supported by the 
analytical data released so far’. 

The original articles, published last year in 
Science, claimed that palaeontologist Mary 
Schweitzer of North Carolina State University in 
Raleigh and her colleagues had recovered frag- 
ments of collagen from inside a 68-million-year- 
old T. rex femur bone’ — making the protein 100 
times older than the previous collagen record 
holder, from a mastodon (Mammut america- 
num) that died up to 600,000 years ago. 

A linked article described the analyses of 
the T! rex protein samples performed by John 
Asara, who runs a mass spectrometry research 
lab at Beth Israel Deaconess Medical Center 
in Boston, Massachusetts, and his colleagues. 
Asara was able to match sequences from all the 
collagen fragments to those of living species 
including chickens, better defining the evolu- 
tionary link between reptiles and birds’. 

But Pevzner calls the article “computationally 
illiterate”. He argues that the mass spectrometry 
data on the seven proteins recovered are not 
broad enough to prove a statistically significant 
match with chicken collagen. Because Asara’s 
team has not revealed all the 48,000 mass spec- 
tra data generated, he says, it is impossible to 


rule out the ‘false positives’ that are routinely 
generated by the technique, and so tell whether 
the protein match is a mere coincidence like “a 
monkey typing random keys on a typewriter” 
that by chance spells words. 

Spectra of all studied proteins are routinely 
published as supplementary data to enable sci- 
entists to replicate results, but Asara declines 
to release this data, saying that to do so would 
open the work to publication by others. 

“Tm surprised; I don’t understand how they 
went forward and published unless those data 
were publicly disclosed,” says Richard Smith, 
head of the mass spectrometry lab at the 
Pacific Northwest National Laboratory in 
Richland, Washington. 

Asara, whose rebuttal to the Pevzner cri- 
tique appears in the same issue’, says his team 
conducted additional analyses that support 
their earlier results. “After being forced to go 
through evaluation of the data, we stand by the 
article even more so today,’ he says. 

Asara’s confidence belies the article’s 
increasing troubles. The researchers with- 
drew one protein from the work as far back as 
September 2007, saying that it wasn’t statis- 
tically significant’. Next, in January, Science 
published a technical comment on the article®, 
in which 27 authors reported that they could 
not verify the T: rex proteins, to which Asara 
and Schweitzer again replied’. 

By June, Asara was publicly acknowledging 
that two other proteins were also not statisti- 
cally significant. This, despite a short article 
in Science® a month earlier, in which Asara, 
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Schweitzer and their colleagues asserted that 
a comparison of the ancient proteins to exist- 
ing species — such as crocodile and ostrich 
— helped to affirm their earlier work. 

Even the T. rex protein samples have been 
questioned. On 30 July, Tom Kaye, a research 
associate at the Burke Museum of Natural 
History and Culture in Seattle, Washington, 
asserted that the collagen extracted from the 
ancient bone was in fact remnants of bacte- 
rial slime’. Schweitzer told Nature that she 
rejects the evidence, from scanning electron 
microscope images, because it came from other 
bones — Kaye says that his team was denied 
access to the original bone. 

With the controversy over their original arti- 
cle unabated, Schweitzer says that she will hold 
a private meeting in November with invited sci- 
entific authorities to develop additional stand- 
ards for publishing such work. But Pevzner is 
looking for a different response. “How many 
technical comments should there be before an 
article is withdrawn?” he says. 

Rex Dalton 


1. Pevzner, P.A., Kim, S. & Ng, J. Science doi:10.1126/ 
science.1155006 (2008). 

2. Asara, J.M., Schweitzer, M. H., Freimark, L. M. & Phillips, M. 
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3. Schweitzer, M. H. et al. Science 316, 277-280 (2007). 

4. Asara, J. M., Schweitzer, M. H., Cantley, L. C. & Cottrell, J. S. 
Science doi:10.1126/science.1157829 (2008). 

5. Asara, J. M. et al. Science 317, 1324-1325 (2007). 

6. Buckley, M. et al. Science 319, 33 (2008). 

7. Asara, J. M. & Schweitzer, M. H. Science 319, 33 (2008). 
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9. Kaye, T. G., Gaugler, G. & Sawlowicz, Z. PLoS ONE 3, e2808 
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ques of a Tyrannosaurus rex study 
on protein from its femur bone (left) 
have been as fierce as the dinosaur. 
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Hybrid hopes Motor drive 
As with cars, electrical energy generated by 
diesel engines and by regenerative braking can 
be stored and used to drive electric motors, 
providing additional power when needed, as 
when accelerating. The Hokkaido Railway 
Company in Japan operated the first passenger 
train using this next-generation diesel-electric 
hybrid technology. It takes the hybrid concept a 
step further by storing enough electrical energy 
so that the diesel engine can be turned off during 
long stops, which saves energy and reduces 
noise pollution. When setting off again, the train 
is driven entirely on the electric motor until it 
reaches about 45 kilometres per hour, when 

the diesel is brought online again (see graphic). 


People power 


The stations that service the trains also need 
power, and the East Japan Railway has plans 
to improve energy efficiency here. It has 
developed a power-generating floor that uses 
the vibrations created by commuters walking 
through the automatic turnstiles to generate 
electricity. Piezoelectric elements embedded 
in pads on the floor convert the footfall 
pressure into electric current. Tests at Tokyo 
Station showed that the 40,000 or so people 
who pass over a pad each day can generate 
10,000 watt-seconds/day — just enough to 
light a 100-watt light bulb for 100 seconds. 
For those who are slightly more demanding of 
their electricity supply, larger pads will aim to 
generate enough electricity to power facilities 
such as information displays and ticket gates. 


According to the company, this set-up reduces Controller 
fuel consumption and emissions by up to 20% 
compared with conventional diesel-electrics. 
RailPower, a Canadian company based 
in Quebec, has developed a hybrid system 
that it reckons cuts diesel use by up to 60% 
and reduces emissions of nitrogen oxides by 
up to 90%. Its Green Goat trains, which are 
designed for shunting, use only electric motors 
to drive the train, with the diesel engines being 
used to charge the batteries. According to 
the company, a single Green Goat, carrying 
out typical railyard operations, will reduce 
greenhouse-gas emissions by 271 tonnes per 
year compared with diesel. 


Do the locomotion 


Rail travel produces more than a third less emissions than road transport — even 
though trains carry 7% of traffic, they emit just 0.2% of the carbon monoxide, 
2% of nitrogen oxides and 1% of the volatile organic compounds. Although 
electric passenger trains are relatively green, most of the world’s trains are 

used for haulage and run on diesel. In the latest of our Future Transport series, 
Duncan Graham-Rowe sees trains switching to a greener track. 


SOURCE: HOKKAIDO RAILWAY CO. 
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Running on gas 


Several companies are exploring 
hydrogen fuel cells to power trains. 
Such ‘hydrail’ trains are essentially 
electric but would not need the usual 
trackside infrastructure. And, unlike 
diesel trains, fuel-cell-powered trains 
produce no emissions other than water. 
Fuel cells produce electric current by 
combining hydrogen fuel with ambient 
oxygen using catalytic electrochemical 
reactions. East Japan Railways has 
already tested a hybrid fuel-cell train 
(pictured below) on one of its passenger 
lines and Canada is planning to develop 
fuel-cell trains in time for the 2010 


Winter Olympics in Vancouver. 
Europe's first hydrogen-fuelled train 
is likely to run in Denmark. According 
to Claus Torbensen, one of the Danish 
founders of The Hydrogen Train project, 
such trains could eventually produce 
zero net emissions. The current problem 
is that most hydrogen is produced from 
methane. So although the first fuel-cell 
trains have to rely onnon-sustainable 
sources of hydrogen, the eventual goal 
is to power them using hydrogen made 
through renewable energy, such as by 
splitting water using wind-turbine- 
powered electrolysis. 
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Making wheels fly 
A comeback by the humble flywheel could radically 
reduce emissions by making trains more fuel- 
efficient. If a flywheel is geared to the transmission 
system, the energy lost on braking can be stored 

as kinetic energy by making the wheel spin. As the 
train decelerates, the flywheel can accelerate to 

up to 42,000 revolutions per minute, providing a 
resistance that also helps slow the train. Similar in 
principle to the regenerative braking used in electric 
cars, in this case the energy is stored kinetically, 
rather than electrically, so less energy is lost as heat. 
This energy can later be released to help drive the 
train's wheels or to power an electric motor. 
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Magnetic attraction 


The highest-tech solution to driving a 
train is magnetic levitation, or maglev. 
This uses a combination of permanent 
magnets and electromagnets to 
generate a repulsive force sufficient 
to lift the train off its supporting rail. 


EAST JAPAN RAILWAY CO. /AP PHOTOS 


and electromagnetic drag to hinder the _—= 


train. Because of this, maglevs are almost 
silent at low speeds and can reach cruising 
speeds of more than 500 kilometres 

per hour. Maglevs are in operation in 
China, Japan and Germany, but they are 


-. 


Steaming back to 


Guide |imj Current in 


Although it may sound unlikely, a return 
to steam power could reduce some 
types of emission. The 5AT Project in 
Britain aims to prove this by building 
anew-generation steam engine that 
overcomes the old drawbacks of steam, 
and improves on the performance 

and emissions levels of diesel traction 
engines. Instead of using coal to 
generate the steam, these new engines 


will burn diesel or gasoil (a light type of 
fuel oil). 

Although the steam engines will 
burn more fuel than diesel engines, 
and so produce more carbon dioxide, 
because of the way the fuel is burned, 
almost all of it will be used up, leaving 
little unburned. So these new steam 
locomotives will be virtually smoke 
free, removing emissions of nitrogen 


At rest, the train is not levitated, 
but as it begins to move, on wheels, 
this force increases until there is no 
longer any contact with the track. 
The train is propelled by a linear 
motor that, again using a system of 
electromagnets built into the track 
and the train, pushes the train along. 
The main advantage is that there is no 
rolling friction, leaving only air resistance 


oxides almost entirely. “In this respect 
5AT should be cleaner than diesel 
traction,” says Chris Newman, one of 
the members of the 5AT Project team. 
Initially, such trains are more likely to be 
used for tourist lines, to replace existing 
steam engines. But eventually there is 
potential for ‘new steam’ to become 
competitive with diesel haulage trains, 
says Newman. 


Train 
magnet 
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expensive to build because they need 
an entirely different kind of track. Even 
so, they produce about a quarter of the 
emissions of diesel trains, roughly the 
same as cutting-edge conventional 
electric trains. And because they are 
purely electrical, the potential is there to 
run these trains on entirely renewable 
energy sources, and so produce zero net 
emissions. 


Death and life beneath the sea floor 


Viruses that infect microbes in deep-sea 
sediments may be a key driver in the world’s 
largest ecosystem and integral to the global 
carbon cycle, data reveal. 

Lytic viruses, which cause infected cells 
to burst, kill about 80% of the single-celled 
organisms in the sediment and sub-surface 
ocean layers, researchers calculate, thereby 
releasing large amounts of dissolved carbon 
into the deep seas’. Every year this ‘viral 
shunt’ releases up to 630 million tonnes of the 
carbon sequestered by particles sinking into 
these deep-sea benthic zones, suggesting that 
viruses should be included in ocean carbon- 
management models. 

The viruses provide a form of population 
control that may date back to the origin of life 
on Earth, says bio-oceanographer Roberto 
Danovaro of the Polytechnic University of 
Marche in Ancona, Italy, who led the analy- 
sis of 232 deep-sea sediment samples with his 
colleagues. “The viruses kill the microbes and 
stimulate their growth as well,” he says. “It’s 
almost a self-sustaining mechanism.” 

The viral data are the latest in a series of rev- 
elations about the deep-sea ecosystem, which 
covers 65% of the planet’s surface. Around 
one-tenth of Earth's living biomass exists at 
the bottom of the ocean, despite cold tem- 
peratures, impenetrable darkness and intense 
pressure. “A few years ago we were assuming 


the deep-sea ecosystems had no currents, no 
movements,’ says Danovaro. “Now we know 
a lot of material and sediment can be brought 
up from the deep in a few days.” 

The nature of the microbes living in and 
below the sea floor remains hotly debated. 
It was thought that the majority consists of 
bacteria. But a study published last week 
concluded that most cells in the sediment 
are archaea’, a similar-looking but distinct 
form of life. 

Previous ocean-floor surveys turned up 
plenty of bacteria but relatively few archaea. 
Some studies may have been biased — several 
were based on DNA extraction and stain- 
ing methods that may have met with limited 
success in penetrating the relatively imper- 
meable archaeal cell membrane. Similarly, 
lipid-profiling methods based on impor- 
tant components of cell membranes called 
phospholipid-based fatty acids are generally 
held to be a good marker for living bacteria 
because these lipids degrade rapidly after the 
cell dies. Yet many archaea do not make these 
particular fatty acids. 

Kai-Uwe Hinrichs of the University of 
Bremen in Germany and his colleagues, how- 
ever, took samples from more than 1 metre 
below the sediment surface and milled the 
cells they collected in liquid nitrogen to loosen 
up their membranes. They also measured a 


different class of lipid, one that is common in 
both archaea and bacteria. The researchers 
discovered an abundance of archaea, finding 
that at that depth, archaea make up more of the 
microbial biomass than bacteria do””, 

However, results from a few research sites do 
not reveal what lies on and beneath the entire 
ocean floor. “We must be careful not to assume 
that when we find something in a system, it 
must be true across environments, in differ- 
ent kinds of marine systems,” says Mark Gess- 
ner, a microbial ecologist at the Swiss Federal 
Institute of Aquatic Science and Technology in 
Diibendorf. Indeed, another study published 
last week surveyed deep-sea hydrothermal 
vents and found that many of the viruses found 
there were not lytic, instead being of a type that 
rarely causes its hosts to burst’. 

Further technological improvements are 
needed to get a higher-resolution image 
of the microbial forest below the sea floor. 
“We're dealing with very low signal and all of 
our methods are at the limit of their ability,” 
says Hinrichs. = 
Heidi Ledford 
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SNAPSHOT 
New window on 
the gamma-ray 
Universe 


NASA's Gamma-ray Large Area Space 

Telescope (GLAST) was launched on 

11 June and turned on its main telescope 

two weeks later. It was immediately blasted 

with gamma-rays from blazar 3C454.3 

— visible in the lower left quadrant of 

the telescope's first map of the sky. “It's 

a good example of the kind of things that 

are in store for us,” says project scientist 

Steven Ritz of NASA's Goddard Space 

Flight Center in Greenbelt, Maryland. 
Blazars, supermassive black holes that emit 

tight jets of particles, are just one of the gamma- 

ray phenomena that GLAST will study as it scans 

the whole sky every three hours. Other objects 


clearly visible in the first map are the Geminga 
and Crab pulsars, above and below the plane of 
the galaxy at the far right of the image. The map 
is based on 95 hours of data: it would have taken 
the Compton Gamma-Ray Observatory, NASA's 


previous gamma-ray telescope, a year to amass 
as much data. At the same time as releasing the 
map, NASA renamed GLAST the Fermi Gamma- 
ray Space Telescope. | 
Eric Hand 


1038 
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Q&A 


Too close for comfort 


In early 2002, the US Federal Bureau of Investigation (FBI) asked the 
American Society for Microbiology to canvas its 43,000 members 
for information about the 2001 anthrax mail attacks that killed five 
people. Nancy Haigwood, now director of the Oregon National 
Primate Research Center in Hillsboro, suggested that agents should 
investigate microbiologist Bruce lvins, who had been harassing her 
for more than 20 years. On 29 July, Ivins killed himself as authorities 
were close to indicting him for the anthrax attacks. 


When did you first meet Ivins? 

In 1976, he was a postdoc and I was a 
graduate student in the department of 
bacteriology and immunology at University 
of North Carolina (UNC) in Chapel Hill. I 
may have gone out for a sandwich with Ivins 
and his wife together. 


When did his behaviour first concern you? 
In 1982, my house and first-husband’s car 
were vandalized, marked with KKG [Ivins 
had an obsessive hatred of the Kappa Kappa 
Gamma sorority, of which Haigwood was a 
member]. A letter was also ghost-written in 
my name to a newspaper. I knew it had to 

be Ivins. I confronted him on the telephone. 
He denied it. Later, I came to believe that he 
had stolen a lab book from my UNC locker 
in 1979. An anonymous note said I could 
find my missing book in a particular US Post 
Office Box. What now looks significant is the 
use of the postal box. 


Why did you link Ivins to the anthrax 
attacks? 

I had been getting regular e-mail updates 
from him. In November 2001, two months 
after the attacks, he sent out e-mails and 
photos of himself working with anthrax at 
the Fort Detrick lab. 


Did the FBI ask you to meet with Ivins and 
wear a hidden recording device? 

Yes. I came close to setting a meeting up. 

I was going to have lunch with him when 
visiting Washington DC. Ultimately, I 
couldn't do it. I was afraid. The FBI told 

me there might be guns involved. I would 
be surrounded by disguised agents. But the 
agents thought I would be too nervous to 

do it. 


What are your thoughts about Ivins's 
death? 

I was shocked. There was some relief. 
You never want someone you know to do 


something like the anthrax attacks. But he 
must have felt cornered — and he was. 


Do you have any doubts that Ivins was 
behind the anthrax mailings? 

I have not seen all the evidence. But I have 
read the October 2007 affidavit to search 
his house. It tied the mailed anthrax spores 
to Ivins’s flask. I don’t think he intended to 
kill people, but to scare them. Now I know 
he stood to gain from business from his 
work. 


What is the most significant evidence? 
The genetic evidence. And, he intentionally 
gave the FBI the wrong sample. He covered 
up an anthrax spill at his lab. He checked 
out a freeze drier late at night, exactly what 
you would need to make the mailed spores. 
All this piles up. But the mailings from a 
box near the KKG house in Princeton, New 
Jersey, that was the icing on the cake — a 
diabolical little twist that is so Ivins. 


What should happen next? 

I would like to see a scientific paper 
published on this. I have no reason to doubt 
the FBI; I met a half-dozen agents, I got 

to know two very well. But the scientific 
community needs to see all the data. E] 
Interview by Rex Dalton 


1039 
© 2008 Macmillan Publishers Limited. All rights reserved 


Rector sacked in Austrian 
stem-cell scandal 


A fierce academic dispute in Austria reached 
fresh heights on 21 August when the Medical 
University of Innsbruck’s council dismissed 
the rector, German immunologist Clemens 
Sorg, without notice. 

In a letter to friends and colleagues in 
Austria and Germany that was later leaked 
to the press, Sorg had criticized Austria's 
academic establishment for its laxness 
ina case of scientific misconduct at the 
university's urology department. 

Earlier in August, a report by the Austrian 
Agency for Health and Food Safety found 
that a clinical trial involving stem cells, 
run by urologist Hannes Strasser at the 
university, had serious flaws (see Nature 
454, 922-923; 2008). Last week the agency 
announced that it will hand the report over 
to public prosecutors. 

But the seven-strong university council 
says that Sorg’s “public attacks” against 
his host country were “unjustified”. It 
accuses Sorg ofa “serious breach of duties”, 
including violating official secrecy. In 
acopy of his letter that appeared in the 
Austrian daily Tiroler Tageszeitung, Sorg 
writes that Austria’s highest “networks” were 
attempting hush up what he calls a “medical 
scandal of unprecedented scale”. Sorg says 
that he intends to sue the Medical University 
of Innsbruck. 


Nuclear group to rule on 
Indian trade 


The Nuclear Suppliers Group (NSG) 

will soon decide whether India can trade 
nuclear fuel and equipment with the 
group’s members. The collaboration met in 
Vienna last week, and is due to meet again 
in September. 


NASA 


In the 34 years since its first test, India’s 
nuclear programme has been limited by 
the nation’s refusal to put its name to the 
nuclear non-proliferation treaty, which all 
members of the NSG have signed. India 
wants access to international nuclear trade 
without restrictions on the growth of its 
nuclear weapons programme. 

A nuclear deal between India and the 
United States is poised for approval by the 
US Congress on the condition that the NSG 
agrees to India’s request. Any of the NSG’s 45 
member countries can veto the application. 


NIH promises funds for 
cheaper DNA sequencing 


The US National Human Genome Research 
Institute (NHGRI) is ploughing more than 
$20 million into new genetic sequencing 
technologies. 

A series of grants announced on 20 
August are the latest step in the institute's 
drive to bring down the cost of sequencing. 
The money will support projects such as the 
development of nanopores. These structures 
could, it is hoped, identify DNA bases 
threaded through them from variations in 
the bases’ ionic or electrical properties. The 
largest grants will go to Daniel Branton and 
Jene Golovchenko of Harvard University, 
who are developing this technology, and 
Mostafa Ronaghi of Illumina in San Diego. 

Jeffrey Schloss, director of the NHGRI’s 
technology-development programme, says 
that the institute’s goal of a $1,000 genome 
by 2014 “is still realistic”. 


Inquiry launched into 
Indian drug trials 


The All India Institute of Medical Sciences 
(AIIMS) last week launched an inquiry into 
the deaths of 49 children under 12 years of 


Orion crash-landing leaves NASA hunting for clues 


Photos released last week show the remains of NASA’s next-generation spacecraft, which made a 
hard landing after a critical parachute system failed to deploy properly. 

A mock-up of the Orion crew vehicle slammed into the US Army's Yuma Proving Grounds 
in Arizona on 31 July after it “dropped faster than intended”, the agency said (pictured). The 
Orion capsule is set to replace the space shuttle, which is due to yell in 2010. A lope leased 
21 August by the US Nation Ac del | C na 
research projects are on tr 
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The All India Institute of Medical Sciences is 


investigating child deaths in several drug trials. 


age who have died in drug trials at the 

New Delhi institution since January 2006. 
But questions are being raised over whether 
the inquiry is necessary on scientific 
grounds. 

The death rate in the 42 separate clinical 
trials was just over 1%. The trials involved a 
total of 4,142 young patients, 2,728 of whom 
were under a year old. Among the drugs 
being tested were the cancer drug rituximab, 
as well as olmesartan and valsartan, which 
lower blood pressure. 

“The deaths were due to sickness only. 

All drugs used were of proven safety,” 
Shakti Kumar Gupta, the head of hospital 
administration at AIITMS, told Nature. The 
overall mortality rate at the institute, which 
treats seriously ill patients from all over 
India, is 3.6%. 


M. VATSYAYANA/AFP/GETTY IMAGES 


Cracks spotted in 
Greenland's glaciers 


A team at Ohio State University in 
Columbus has reported a large crack in the 
longest floating glacier in the Northern 
Hemisphere. If the crack becomes a break, 
160 square kilometres will be lost from 

the Petermann glacier in northwestern 
Greenland. This would greatly exceed 

the glacier’s last major ice loss, which 

saw 86 square kilometres break away in 
2000-01. 

Glaciologist Jason Box and his colleagues 
spotted the crack on 3 August. In addition, 
their daily checks of satellite images of 
Greenland’s glaciers have revealed 29 square 
kilometres of ice loss from Petermann 
between 10 and 24 July. 

They have also seen 10 square kilometres 
of ice loss since the end of the last melt 
season from the Jakobshavn glacier further 
to the south, which is the world’s fastest- 
retreating glacier. 


1041 


~w, iN Ady PAD = AUeatWJ CAA LH 
LW Cod LO ™ i Ri 


2 


oe 
3 


TaNeaTaNAsHVO 


dD, 


Sor 


Ws 
7. 
“Ltt, 


Rh, 
CL, 4, 
ilies 


i 


©2008 Macmillan Publishers Limited. All rights reserved 


NEWS FEATURE 


P. HACKETT 


THE PRODUCTION LINE 


If more than 90% of the genome is ‘junk’ then why do cells make 
so much RNA from it? Anna Petherick goes in search of some answers. 


OTAIR is a molecule with a future. 

Created from a DNA sequence on 

human chromosome 12, it affects 

genes on chromosome 2, apparently 
working as part of the system that enables skin 
cells to tell where on the body’s surface they 
are, and thus what they should be doing. 

Beyond these specifics, HOTAIR may also 
serve as a model for understanding a whole 
slew of similar molecules, the existence of 
which was not even dreamed of ten years ago 
and the function of which — if any — is still 
hotly debated. HOTAIR stands out because it 
is a long piece of RNA that doesn’t encode a 
protein but still does something biologically 
important’. “HOTAIR was a gem in a sea [of 
long RNAs],” says John Rinn, a genome biolo- 
gist who discovered the RNA while working at 
Stanford University in California. “It told us 
little about what the bulk 
of these things are doing. 
For that, we cant even see 
acommon trend” 

It is hard to compre- 
hend the upheaval that 
RNA has been causing in 
molecular biology over 
the past few years. Once viewed as a passive 
intermediary, it was thought to faithfully carry 
genetic messages from the DNA sequence to 
the protein-making machinery, where things 
were made that actually got things done. 
Biologists were comfortable in the knowledge 
that only 1-2% of the human genome made 
protein-coding RNA in this way, and most of 
the rest was filler. So when, in 2005, geneticist 
Thomas Gingeras announced that some cells 
churn out RNA molecules from about 80% of 
their DNA, he astonished scientists attending 
the Biology of Genomes meeting at Cold Spring 
Harbor Laboratory in New York. Why should 
cells bother with so much manufacturing if, as 
it seemed, such a tiny fraction was involved in 
the important business of protein-making? 

Over the past three years or so the case for 
this ‘pervasive transcriptio has strengthened. 
The phenomenon has now been ascribed 
to mice, fruitflies, nematode worms and 
yeast. These studies, and Gingeras’s original 
reports, came from microarrays — a tech- 
nology that relies on the tendency of nucleic 
acids to find their complementary cousins in 
a solution. Gingeras works for the microarray 


“Many transcipts are made 
that we don't understand. We 


still don't know what those 
transcripts do, if anything.” 
— Ewan Birney 


manufacturer Affymetrix in Santa Clara, 
California. But not everyone has been per- 
suaded of the extent of pervasive transcrip- 
tion, in part because microarrays are subject 
to background ‘noise’ Even using no RNA, 
control chips will give off some signals, and 
results can be a matter of interpretation. 

For anyone who still doubts that the genomes 
of nucleated organisms are first and foremost 
RNA machines rather than protein-coding 
ones, sequence data are starting to provide 
“ultimate information’, Gingeras says. There is 
something about the nitty gritty of nucleotide 
sequences that is enticingly reassuring to molec- 
ular biologists. New sequencing machines that 
can stream out data many times faster than their 
predecessors have made the mass sequencing of 
cellular transcripts possible. 

In 2008, this process was completed for 
two species of yeast”” 
using machines made 
by Illumina, based in 
San Diego, California. 
The results broadly 
agree with the microar- 
ray findings, showing 
transcription from 74% 
of the genome of brewer's yeast (Saccharomy- 
ces cerevisiae) and 90% from that of fission 
yeast (Schizosaccharomyces pombe). Gingeras 
and other researchers are now working to 
sequence all the RNA produced by 44 kinds 
of human cell as part of the Encylopedia of 
DNA Elements (ENCODE) project, which 
aims to identify all the functional parts 
of the human genome. At that point, any 
remaining sceptics will be able to overlay 
the many thousands of different human 
RNAs onto DNA regions from whence they 
came. At the end of this process, the cov- 
ered regions will be those that give rise to 
RNA — and the uncovered ones, probably 
just a few naked holes. 

All this transcriptional accounting has 
hastened an already heady RNA rush. Even 
before the pervasive nature of transcrip- 
tion became clearer, molecular biologists 
had begun to trot out new classes of RNA 
molecules that are responsible for impor- 
tant happenings in cells. Thrust farthest 
into the limelight are the microRNAs 
(miRNAs), which stop the production of 
certain proteins, but they have been joined 
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by a growing number of other RNA families, 
such as small nucleolar RNAs (snoRNAs) and 
Piwi-interacting RNAs (piRNAs), with vital 
roles in cellular and developmental processes 
— vital enough to earn the DNA that encodes 
them the label ‘RNA genes. 


The long and the short of it 

On the whole, the established classes of RNAs 
are short molecules, around 20 or 30 nucle- 
otides in length. The non-coding RNAs that 
Rinn has been championing run to 200 or even 
10,000 bases apiece. The issue at the moment 
is whether, among this bounty of long RNAs, 
researchers will find anything as biologically 
meaningful as the shorter RNAs have proved 
to be. HOTAIR shows that some such mol- 
ecules have function — but is it the exception 
or the rule? “It’s controversial whether these 
are mostly just noise or regulatory function,” 
says Jiirg Bahler of the Wellcome Trust Sanger 
Institute in Cambridge, UK, who led one of the 
yeast RNA sequencing projects. 

Those who doubt the importance of RNA 
bemoan their logical problem: it is impossi- 
ble to prove lack of function. Even when an 
important cellular job does get pinned on a 
long RNA, as it did for HOTAIR, the doubt- 
ers worry that it is too tempting to extrapolate 
across the board. 


John Rinn may have found a new class of long RNA genes. 
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Ewan Birney, a bioinformatician at the 
European Bioinformatics Institute and one of 
the leading scientists in ENCODE, says that the 
debate now is about what proportion of long 
RNAs serve a purpose. “I used to be a much 
stronger sceptic three to four years ago,” he says. 
“Now I’m accepting that transcription is pretty 
complicated and that many transcripts are made 
that we don’t understand. Where I still have 
some scepticism — what we still don’t know 
— is what those transcripts do, ifanything.” 

John Mattick, the director of the Centre for 
Molecular Biology and Biotechnology at the 
University of Queensland in Brisbane, Aus- 
tralia, has no such qualms. He is a long-time 
advocate of non-coding RNAs importance. 
The doubters, he says, “keep regressing to 
the most orthodox explanation [that the long 
RNAs are junk]. But they can’t just sit on their 
intellectual backsides and tell us to prove it.” 
But prove it is just what researchers are starting 
to do, with a growing number of examples that 
showcase these molecules’ capabilities. 

The idea of long non-coding RNAs is not 
new. Xist, the most famous example, was dis- 
covered in 1991. Its 17,000 nucleotides can be 
found in almost every cell of mice and humans, 
where it obviates gene expression along an 
entire X chromosome. Because females have 
two Xs to their male (XY) counterparts’ one, 
they use Xist to switch off the extra X and com- 
pensate for the disparity. 


Varied roles 
Xist RNA is transcribed from the chromo- 
some it mutes, and coats it along its length. No 
one really knows exactly how it attaches and 
what makes it so effective at gene silencing. 
What is clear, however, is that part of the mol- 
ecule attracts chromatin remodelling com- 
plexes — enzymes that turn genes on and off 
by tinkering with DNAs 
packaging. Get enough 
of these complexes 
together, and it seems 
that you can turn off a 
whole chromosome. 
Over the past few 
years, the RNA field has 
compiled a brief list of 
other long non-coding 
RNAs. Many of those that have been studied 
control the activity of protein-coding genes. 
As the pace of these discoveries has picked up, 
they have revealed that long RNAs can control 
genes in a surprising variety of ways, from both 
near and far, and that their function is not nec- 
essarily dependent on the exact sequence of the 
RNA, as it is when RNA is coding for proteins. 
This suggests that scientists have only begun to 
appreciate what RNA is capable of. 
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“Either there's a hell of a lot 
of developmentally regulated 
transcriptional noise, or 


these RNAs are sending 
signals into the system.” 
— John Mattick 


In one example published last year, 
molecular biologist Igor Martianov 
and his colleagues at the University 
of Oxford, UK, studied the human 
gene for dihydrofolate reductase, an 
enzyme involved in biochemical syn- 
theses that has two ‘on’ switches for 
protein production. They discovered 
that the first of these switches actually 
triggers the manufacture of a 583-nucle- 
otide-long RNA molecule, and that this 
RNA directly interferes with the second 
switch. When this happens, the enzyme 
is no longer made’. 

Working in a very different way, a 
long RNA called NRON seems to travel 
to the cytoplasm in order to influence the 
expression of protein-coding genes. Sev- 


Jiirgen Brosius: an advocate of non-coding RNA. 


eral thousand nucleotides long, NRON 
polices the trafficking of a transcription factor 
from the cytoplasm into the nucleus of the cells 
where it is active’. By doing so, it seems to con- 
trol the transcription factor’s activities, which 
include regulating T cells’ immune response. 

When Rinn discovered HOTAIR, it rein- 
forced the idea that RNAs could be shuttling 
around the genome doing important jobs. 
Rinn was studying skin-cell lines cultured 
from the finger, foot, foreskin and eight other 
sites on the human body, trying to find out how 
these cells know their position. 

HOTAIR, which stretches for nearly 2,200 
nucleotides, is produced from within a cluster 
of the HOX genes that specify an early embryo’s 
head end and foot end, as well as the order of 
the body segments in between. When Rinn 
found that this RNA affects the output of genes 
on chromosome 2, it was the first time such a 
cross-chromosome influence had been found. 
When he lowered levels of the RNA molecule, 
the activity of HOX genes on chromosome 2 
jumped, and foreskin 
cells started behaving in 
an unusual way’. 

Rinn initially wanted 
to name the molecule 
STAR1. The acronym for 
‘Suz-Twelve Associated 
RNA refers to the enzyme 
that ferries this molecule 
from one chromosome to 
another, and the number one reflected Rinn’s 
optimism that there are likely to be more 
STARs. But Rinn’s lab partner, Howard Chang, 
wanted a “more humbling” name, Rinn says, 
and they settled on HOTAIR instead (for HOX 
antisense intergenic RNA). “Howard was right, 
but I think we are still both in search of more 
stars, not hot air,’ says Rinn, now at the Broad 
Institute in Cambridge, Massachusetts. 

As Rinn has said, there is a vast sea of 
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long RNAs out there. The ones with func- 
tions already ascribed to them comprise just 
a minuscule fraction, and those seem to be 
regulating genes by very diverse means. To 
many, this lack of common function infers 
that science has only scratched the surface of 
the diversity of long RNAs. The massive scale 
on which transcription is taking place could 
be the least of biologists’ problems compared 
with its mind-boggling functional complexity. 
What is needed, researchers say, is more data 
to show that RNAs do something useful on the 
genomic scale — but those data are proving 
remarkably difficult to collect. 

One problem, when it comes to surveying 
RNAs usefulness, is that sequence does not 
provide any simple indicator of function. The 
sequence of non-coding RNA is not conserved 
between species in the same way that it is for 
protein-coding genes. If a sequence is doing 
something important for an organism because 
of the protein it codes for, then evolution is likely 
to have kept that region more constant across 
related species compared with any average 
stretch. But the same isn’t true of RNA, which 
does not necessarily pair up with a comple- 
mentary nucleotide sequence at all. Xist is not 
conserved in this way, nor are any of the other 
non-coding RNA stars along their full lengths. 

Another way to seek evidence of function en 
masse is to get rid of long non-coding RNAs 
and watch how animals cope. But such an 
experiment may produce only subtle changes 
in an organism as a whole, and could still miss 
the importance ofa transcript. “I think the cell 
will use these transcripts at very different times 
and in very different cell types and conditions,’ 
Gingeras says. “You may need to see them ina 
very specific context to see the function.” 

That is what Jiirgen Brosius of the Univer- 
sity of Miinster, Germany, and his colleagues 
found when they removed a 150-nucleotide 
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RNA from mouse neurons, where it is 
normally transported down the cellular fin- 
gers that communicate with other cells°. The 
engineered animals looked and acted more or 
less the same as the control animals — but Bro- 
sius says that on close inspection they weren't 
as inquisitive and had unusual exploratory 
behaviours. Such activity might be lethal in the 
wild, Mattick says, “but it was affecting their 
behaviour in ways that were far too subtle to 
be assessed in a cage”. 


In search of function 

If slicing out non-coding RNA doesn't often 
reveal its function, then perhaps looking at 
its lifespan will. This vein of thinking brings 
a potentially bigger blow for RNA’s believers 
than the knockout studies: the possibility that 
cells are destroying long RNAs almost as fast 
as they are making them. Studies in yeast have 
shown that many long RNAs seem to be so 
rapidly gobbled by the nuclear exosome — a 
protein complex that degrades RNA — that it 
is hard to imagine them having any function 
at all. Some are labelled for destruction as soon 
as they peel away from their DNA blueprint. 
David Tollervey, who studies RNA processing 
at the Wellcome Trust Centre for Cell Biology 
in Edinburgh, UK, says that long RNAs could 
have almost-instant effects or cells might be 
making many long RNAs merely to show that 
they've done so. In other words, the point 
of the exercise might be transcription itself, 
rather than the transcript. 

There are already known examples in which 
RNA production seems more important than 
the actual product. In 2004, Fred Winston and 
his colleagues at Harvard Medical School in 
Boston, Massachusetts, studied a 551 nucle- 
otide RNA called SRG1 that is made by brewer's 
yeast’. It switches on and off the adjacent gene 
SER3, which helps make serine (an amino acid 
that the yeast needs to be healthy). But in this 
case it is the process of making the non-coding 
RNA that regulates SER3, rather than the RNA 
itself. The trick here is that the DNA sequence 
from which SRG1 is transcribed runs through 
the on switch for SER3. So when a yeast cell is 
manufacturing a lot of RNA for SRG1, it blocks 
access to the SER3 switch. This is what hap- 
pens when the yeast sits happily in a flask of 
rich medium and has no need to generate its 
own serine. 

In his transcriptional surveys of humans, 
Gingeras has shown that about three times as 
many transcripts carry a molecular label for 
rapid destruction than do not carry one. But 
Gingeras thinks that these apparently doomed 
RNAs still do more for cells than just getting 
made. When a map of pervasive transcription 


RNAs, such as microRNAs, the two overlap’. 
Gingeras thinks that the short RNAs are fre- 
quently embedded within the longer tran- 
scripts, and then excised. 

Over the past few years, Mattick has been 
gathering other circumstantial evidence that 
long RNAs have widespread function. In a 
paper published in January, he and his team 
examined 1,328 non-coding RNAs whose 
expression patterns had been mapped in the 
Allen Brain Atlas, but the functions of which 
were unknown. The team found that nearly 
two-thirds of these molecules were produced 
in specific regions of the mouse brain — in 
certain cell types or in specific parts of neu- 
rons’. More recently, Mat- 
tick’s team identified 174 
non-coding RNAs that 
are expressed in mouse 
embryonic stem cells in a 
decidedly selective manner, 
either correlating with the 
cells’ capacity to develop 
into any other cell type or 
with particular events along the path to spe- 
cialization’®. “You've only got two alternatives,” 
Mattick concludes. “Either there's a hell of a lot 
of developmentally regulated transcriptional 
noise, or these RNAs are sending signals into 
the system.” 

This approach should gain more steam 
as part of ENCODE. The next-generation 
sequencers have been chugging away since the 
end of last year, and in 2009 should lay out the 
sequences of all the RNA molecules manufac- 
tured by two types of human cell. When the 
project eventually delivers transcriptomes for 
all 44 cell types, it will allow a closer analysis of 
when different sorts of human cell make differ- 
ent long RNAs and help infer something about 
their function. 


is overlaid with a map of short non-coding Thomas Gingeras described ‘pervasive transcription’. 
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“Transcripts will be used 
at very different times and 


in very different cell types 
and conditions.” 
— Thomas Gingeras 
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As for Rinn, he already has evidence that 
non-coding RNAs are so much more than hot 
air. In May, at this year’s Biology of Genomes 
meeting, he presented work suggesting that 
there are as many as 2,000 long non-coding 
RNAs in human cells that shoulder biologi- 
cal responsibilities on a par with those of 
HOTAIR and that may therefore earn the 
status of RNA genes. 

To find these, Rinn and Manolis Kellis, 
a computational biologist also at the Broad 
Institute, searched for sequences that are con- 
served as might befit a working stretch of RNA. 
They assumed that much of an RNA molecule’s 
function depends on the three-dimensional 
architecture that the sin- 
gle-stranded molecule 
folds into. This, rather 
than the precise sequence 
of nucleotides, is what evo- 
lution will have worked to 
preserve. This means that 
an A can become a T, for 
example, as long as the T 
to which it anneals when the molecule folds 
switches in turn to an A and providing that the 
overall shape of the molecule is unchanged. 

Using these types of bioinformatic rules, the 
team pulled out probable RNA genes. For a 
sample of these, they took a stab at predicting 
function and then tested whether the RNAs 
production was induced by certain cellular 
pathways. Many of them were. If their results 
hold up, Rinn and Kellis will have discovered 
the first large class of long RNA genes. “These 
RNAs could have functions as diverse as those 
of protein-coding genes,’ Rinn says. And it is 
not such a stretch to think that they could 
rival the 20,000-odd protein-coding genes in 
number, if there are other, as yet unidentified 
groups of long RNA genes out there. 

That still leaves a lot of the transcriptional 
hairball unaccounted for, and it is possible that 
much of it is still noise. “With all this perva- 
sive transcription,” Rinn says, “the problem to 
working out whether most of it is functional or 
not has been that people simply haven't known 
where to start.” Now, perhaps, they do. : 
Anna Petherick is Nature's Research 
Highlights editor. 
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OF CANCER 


Cancer cells vary; they compete; the fittest survive. Patrick Goymer reports on how 


evolutionary biology can be applied to cancer — and what good it might do. 


he oncology clinic isn't a field site 

where one might expect to find an 

evolutionary biologist. But within the 

complex ecosystem that is the human 
body, tumours grow, mutate and face diverse 
selective pressures as they change and react to 
their environment. Over hundreds of genera- 
tions, cells can acquire mutations that promote 
their errant growth and survival. This makes 
for diversity both between cancer types and 
within an individual tumour. But just as spe- 
cies have evolved convergent similarities, can- 
cers too have common themes and steps along 
their developmental paths. If properly directed 
with evolutionary theory in mind, treatments 
might become more effective (see “Targeting 
what isn’t there’). 

Tony Green of the University of Cambridge, 
UK, and his colleagues have looked at evolu- 
tionary processes in myeloproliferative dis- 
orders — overgrowths of blood-producing 
bone-marrow cells that can become cancer- 
ous. Changes to the JAK2 gene play an initiat- 
ing role in these disorders, allowing the cells 
to bypass their growth-control mechanisms. 
Green and his colleagues began to study these 
mutations as the disorders progressed, in some 
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cases, towards a cancer of the white blood cells 
called acute myeloid leukaemia, or AML. As 
expected, the JAK2 mutation arises often and 
early in myeloproliferative disorders because 
of the growth advantage it confers on cells. 
But three of four individuals who went on to 
develop AML no longer had the mutation’. 
“This was a surprise,’ says Green. “An initi- 
ating mutation was not present in the more 
evolved state.” 

Did cancer cells that had acquired JAK2 
mutations lose them over time as other muta- 
tions and physiological changes took over 
the controls of the disease? Or were the JAK2 
mutants outcompeted by other cells taking 
advantage of the changing environment within 
the cancer-afflicted individuals? 

Green stumbled across this evolutionary 
parallel, but some scientists specialize in com- 
paring the similarities between changes to a 
cell in the body and the evolution of organisms 
within an ecosystem. As more information 
about cancer genetics accrues, the importance 
and usefulness of this evolutionary analogy is 
becoming clear. 

Science has been looking for commonalities 
in cancer, and several large-scale projects 


aimed at sequencing the genetic changes in 
different cancers have in their earliest stages 
revealed what many feared. The main feature 
of cancer, says Bert Vogelstein of Johns Hop- 
kins University in Baltimore, Maryland, is its 
complexity and heterogeneity. Most mutations 
found in cancer are rare. “There are a few genes 
that are commonly mutated — we call these the 
mountains — but the landscape is dominated 
by hills,” says Vogelstein. Evolutionary theory, 
in conjunction with the sequencing of cancer 
genomes, could help map that countryside 
more quickly. 


Diversity breeds success 
Peter Nowell of the University of Pennsylva- 
nia in Philadelphia first developed the idea 
of cancer as a Darwinian process in 1976 
(ref. 2). Cancer is known to occur because of 
the stepwise accumulation of mutations in 
certain cells of the body. Nowell added to this 
the population-genetics idea of clonal expan- 
sion, in which cells that have a mutation to 
make them grow faster or survive better pro- 
duce more offspring than surrounding cells 
without the mutation. 

Carlo Maley of the Wistar Institute in 
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Philadelphia sees the diversity of cancer cells 
as key to understanding their resistance to 
drug treatment. “One thing that is surpris- 
ing is that the multidrug therapies in cancer 
haven't worked nearly as well as they have 
in HIV,” he says. “That seems to me to be a 
basic evolutionary question that should be 
addressed and is at the heart of why we haven't 
been able to cure cancer.” 

Maley has been applying evolutionary 
theory to a condition called Barrett’s oesopha- 
gus, which can progress to become cancer. As 
surgical treatment for Barrett's oesophagus is 
extremely risky, standard medical practice is to 
monitor cells in the oesophagus for signs that 
they have started to progress towards cancer. 
Maley uses biopsy samples to track the evo- 
lution of the disorder, testing each biopsy for 
changes in specific genes such as CDKN2A and 
p53. His group has found that in the early stage 
of the disorder, individuals with diverse popu- 
lations of cells harbouring different mutations 
are more likely to develop cancer’. This might 
be because the body is struggling to defend 
itself against more kinds of attacks. Maley uses 
methods borrowed from ecology to meas- 
ure the diversity and make predictions about 
progression. 


Quick and easy 

Perhaps the most important advance in 
cancer biology has been cheap and fast DNA 
sequencing. The technology that allows 
researchers to sequence the genomes of hun- 
dreds of species, and of individual humans, is 
now being applied to the genomes of tumours. 
Knowing the genome sequence of a cancer 
cell allows scientists to look in detail at how 
a tumour has evolved from the normal cells 
of the body — which genes have mutated, 
how much of the original genome has been 
lost or duplicated, and whether the evolution- 
ary process has unfolded similarly in each 
individual case. 

Several large-scale projects are taking this 
approach, including the Cancer Genome 
Project, which is sequencing protein-coding 
genes in cancer cells to look for mutations; the 
Cancer Genome Anatomy Project, which is 
looking at levels of gene expression in cancer 
cells; and the Cancer Genome Atlas, which is 
looking at various types of genomic alteration 
in specific cancer samples. 

But cancer genome sequences aren't by 
themselves going to explain the evolution- 
ary process of tumour development. In fact, 
Maley and Green point out that the sequences 
provide only ‘snapshots’ of the evolutionary 
process, so further work is needed to fill in the 
gaps, such as the order in which the mutations 
appear. And current technology means that 
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Targeting what isn’t there 


Drug developers have long 
had cancer-causing mutations 
in their sights. But cancer 
cells invariably evolve ways to 
become resistant to drugs and 
ensure survival. Alexander 
Varshavsky at the California 
Institute of Technology in 
Pasadena suggests that 
drugs should be targeted at 
something that arises in the 
cell's evolution that is not 
so easily side-stepped — 
deletions of DNA segments®. 
A fundamental principle 
of evolutionary genetics is 
that once a gene is lost it is 
very unlikely to be regained 
— a phenomenon known as 
Muller's ratchet. Varshavsky 
thinks that chance deletions 
occurring early ina tumour's 
development could bea 
hallmark of that tumour 
whatever course its 
subsequent evolution takes. 
Varshavsky envisages a 
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1. A deletion- 
specific targeting 
(DST) vector is a 
ring of DNA that 
can enter both 
normal cells 
(above) and 
cancerous cells 
(below). 


deletion-specific targeting 
(DST) vector — a ring of 
DNA that encodes a cell- 
killing ‘payload’ protein and 
fail-safe enzymes that will 
destroy the vector when they 
recognize specific sequences 
of DNA within the cell. In 
normal cells, the fail-safe 
enzymes become activated 
and destroy the vector before 
it has achance to release its 
payload. Because the specific 
DNA sequences are missing 
in cancer cells, the enzymes 
never become activated and 
the vector begins to express 
its deadly payload (see 
graphic). 

Caveats abound. The diverse 
and shape-shifting nature of 
cancer means that identifying 
effective deletion sequences 
will be difficult. Carlo Maley 
of the Wistar Institute in 
Philadelphia, Pennsylvania, 
cautions that cancer has 


cell's nuclear DNA. Th 


3. Inside a cancer cell, the 
DST-destroying enzymes 
never become activated, and 
the DST vector begins to 
produce a ‘payload’ protein 
that kills the cell. 
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a knack for overcoming 
obstacles, including deadly 
payload proteins. Moreover, 
the strategy is predicated on 
gene-delivery techniques that 
have not yet been proved in 
cancer. 

Still, experts are excited. 
“It's a brilliant idea,” says Bert 
Vogelstein of Johns Hopkins 
University in Baltimore, 
Maryland, “because it exploits 
the Achilles heel of cancers. 
Deletions are likely to be 
present in every cancer.” 

Varshavsky hopes that 
the US$1-million Gotham 
Prize, which was awarded 
to him last year, will allow 
him to develop his blueprint 
into a clinical reality. “I’m 
committed to implementing 
the deletion-specific 
therapy strategy and/or its 
descendants, taking them as 
far as they can go. All the way 
to patients, | hope.” PG. 


and cell dies 
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the genome sequences are actually an ‘average’ 
sequence taken from a heterogeneous col- 
lection of tumour cells, whereas much of the 
interesting detail is in the differences between 
individual cells within a tumour — after all, 
variation is the basic stuff on which natural 
selection acts. 

The need for a sophisticated evolutionary 
understanding of cancer led Vogelstein to 
team up with biologist and mathematician 
Martin Nowak from Harvard University in 
Cambridge, Massachusetts. Nowak has applied 
his modelling ideas to problems as diverse as 
the evolution of HIV, altruism and the politics 
of climate change. Cancer, he says, “is just like 
any other evolutionary process, but it’s even 
simpler. Because of this we can ask much more 
complicated questions.” 

Sequencing the genomes of cancer cells, 
says Nowak, can “help us get quantitative 
data to calibrate our evolutionary models”. 
From Vogelstein’s data on sequence variation 
between individual colorectal cancers, Nowak 
could predict when malignant tumours would 
arise from benign ones and when they would 
metastasize, or spread to other parts of the 
body*. He found that malignant tumours do 
not mutate more frequently than normal cells, 
as is often thought. Instead, it is the evolution- 
ary context in which these mutations occur 
that matters. 

Nowak’s former student, Franziska Michor, 
now at the Memorial Sloan-Kettering Cancer 


Center in New York, is interested in 
developing her mentor’s approach of 
modelling the process of cancer evo- 
lution. The roots of this approach go 
back halfa century. In the 1950s, Rich- 
ard Doll at the University of Oxford, 
UK, found that solving equations con- 
taining terms for growth and muta- 
tion rates allowed him to predict 

the number of mutations that are 
required for a tumour to evolve’. 
Doll developed a model in which 

the time taken for cancer to arise 
depends on the probabilities of each of 
the mutations needed to cause the cancer = 
actually occurring, and he fitted the mode! tui 
real incidence statistics. But Michor says !hi4 
this approach fails to take into account parpui 
lation-genetics theory. Doll’s models lork at 
single cells, ignoring the fact that if the Lirs! 
mutation increases the evolutionary fitnes# «1 
that cell, then the mutation will expand imu 
many cells, increasing the 
probability that subsequent 


The evolving cancer cell not only needs to 
outcompete the normal body cells, it must 
also evade attack by the immune system and, 
if it is to reach the advanced stages of cancer, 
it needs to cooperate with other cells and then 


migrate and colonize other 
parts of the body. For exam- 


mutations will occur. "Cancer genomes ple, once a tumour reaches a 
Understanding this popu- | certain critical mass its cells 

help us get 
lation effect will be hugely ; Se + require a blood supply to 
quantitative data keep them oxygenated. This 


evolved drug resistance. One 
way to deal with this is to use 
combinations of treatments 


important in overcoming | 
L 
| 


of the disease. “We can try 
to come up with treatment strategies if we 
understand how many mutations are needed 
for resistance,’ says Michor. “We can actually 
write down the equations that predict what 
the risk of resistance is depending on how 
many drugs you use.’ A crucial goal will 
be to make these models predict what 
is going on in systems with 
complicated evolutionary 
trajectories, such as AML. 


Pushing the parallels 

Su ltow far can the evolution- 
ary idea be extended? The 
small number of cell divisions 
within a cancer compared 
with that in the evolution of 
species is an obvious limita- 
tion. But there are still plenty 
of evolutionary ideas to be 
explored in cancer, several 
of which come from thinking 
alseut the whole ecosystem 
uf the disease. As with ‘real’ 
ecosystems, these involve 
not just the species in ques- 
tion, but also its competitors, 
predators and symbionts. 
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to calibrate our 
evolutionary models.” 
that tackle different aspects | — Martin Nowak 


imteans that it needs to co-opt 
tl:e body’s system for creat- 
ing blood vessels. 

How these processes take 
[lace is ripe ground for evolu- 
tionary biologists and ecologists to investigate, 
something that Maley and his colleague John 
Pepper, of the University of Arizona in Tucson, 
were keen to encourage when they organized 
a recent workshop on the topic at the Santa Fe 
Institute in New Mexico. The fact that a similar 
workshop was organized by the National Can- 
cer Institute, a major funding body, suggests 
that the money might follow. Maley certainly 
hopes so. “I see my role,” he says, “as attempt- 
ing to bring evolutionary biologists into cancer 
biology and advocating the need for evolution- 
ary biologists as part of our interdisciplinary 
teams.” Whether such interdisciplinary research 
will entice evolutionary biologists to shift 
their field study to the clinic is yet to be seen, 
but for investigations of variation and selec- 
tion, cancers unfortunately continue to produce 
ample material for study. a 
Patrick Goymer is associate editor of Nature 
Reviews Genetics. 
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Postdoc glut means 
academic pathway 
needs an overhaul 


SIR — In his Correspondence 
‘Fewer academics are not the 
answer to funding woes’ (Nature 
454, 397; 2008), Philip Strange 
suggests that we need to increase 
the number of trained scientists to 
help deal with current and future 
crises such as climate change. 
But, according to the US National 
Science Board's Science and 
Engineering Indicators 

2008 (www.nsf.gov/statistics/ 
seindO8), fewer than 20% of 
postdoctoral scientists in the 
United States find tenure-track 
faculty positions. This suggests 
that, at least in the United States, 
we could already have a glut of 
trained scientists. 

Perhaps the solution is not 
financial at its core at all. A major 
overhaul of the academic training 
pathway for life-scientists is long 
overdue. Issues linked to today's 
financial and job markets are an 
indicator that the time is right for a 
serious self-appraisal on the part 
of academia. Are we training too 
many students? And what should 
we do with all the postdocs? 
lan M. Brooks UTHSC Postdoctoral 
Association, and Department of 
Pharmacology, University of Tennessee 
Health Science Center, Memphis, 
Tennessee 38163, USA 
e-mail: ibrooks1@utmem.edu 


Olympics may have a 
negative impact on 
China's research 


SIR — Your Editorial ‘China's 
challenges’ (Nature 454, 
367-368; 2008) and News 
Feature ‘Visions of China’ 
(Nature 454, 384-387; 2008) 
proclaim China's increasing 
strength in science and 
technology. But this summer's 
Olympics Games in Beijing 
may cast a shadow over that 
landscape. 

The Chinese government's 
investment in the 2008 


Beijing Olympics is reflected 

in a wide range of technical 
accomplishments. These include 
the design and construction of 
the venues, development of 
energy-saving technology, 
communication support, 
comprehensive services for the 
media, public information and 
weather forecasting, advanced 
safety and security, and rigorous 
drug testing. 

But away from the extravagant 
displays of the opening ceremony, 
scientists in China are 
experiencing some negative 
effects that could take hold in the 
wake of the Olympics. Nationwide 
security restrictions on the 
transport of liquids, for example, 
have delayed the delivery of 
chemical and biological reagents 
to laboratories, especially those 
coming from abroad. The 
resources of the entire country 
have been tapped, draining funds 
from fields outside Olympic 
interests. Add to this the cost of 
the recent earthquakes in Sichuan, 
and it will become even harder to 
meet the Chinese state's 
optimistic goals for research and 
development. 

The post-Olympic era is likely 
to see more emphasis on 
disciplines such as Earth science 
and environmental protection, 
but considerably less on other 
areas of science and technology. 
Yijun Chen, Nan Liu Laboratory 
of Chemical Biology, China 
Pharmaceutical University, 

Nanjing, Jiangsu 210009, China 
e-mail: yichen@cpu.edu.cn 


Changes in the rules 
now governing Italy's 
drug industry 


SIR — | was surprised and 
dismayed that your Editorial 
‘Clean hands, please’ (Nature 454, 
667; 2008) should be so careless 
with the evidence in addressing 
the question of relations between 
the government and the 
pharmaceutical industry in Italy. 
In Italy, the pharmaceutical 
industry is obliged to maintain 


the lowest prices in Europe. The 
new government has left these 
regulations unaltered in its 
economic programme for the 
next three years. 

At the time of the unfortunate 
events of the Duilio Poggiolini era 
15 years ago, Italy's per capita 
spending on pharmaceuticals was 
slightly below the European 
average. This spending has today 
fallen to €194 (US$290), against 
a European average of €270 — 
even though Italy has easier 
access to therapies than many 
other European countries and 
has more elderly citizens than 
any of them. 

In the past seven years, 
governments of various political 
colours have made 18 separate 
cutbacks on pharmaceutical 
spending. The 30% difference 
from the European average 
indicates that our industry has not 
enjoyed government favours. 

The pharmaceutical industry 
has nevertheless fought back 
against this difficult situation. Its 
exports have risen from 10% of 
total production to 53%, and 
today it boasts a surplus in its 
trade balance for medicines. 

The replacement of the 
manager of the Italian medicines 
agency AIFA, as mentioned in your 
Editorial, occurred after a judicial 
enquiry. This was ratified by an 
independent judicial decision. 

The pharmaceutical industry in 
Italy is represented by an 
association that belongs to the 
Italian employers’ federation 
Confindustria. This association 
has implemented rigorous ethical 
rules to govern its members’ 
conduct and, in representing the 
interests of the industry vis-a-vis 
the public institutions, totally 
respects their autonomy. Its sole 
request is that public institutions 
provide a regulatory framework 
that is fixed over time and can 
guarantee timescales and 
procedures in their authorization 
processes, in the same way as 
those in force in other European 
countries. 

Sergio Dompé Farmindustria, Largo 
del Nazareno 3, 00187 Roma, Italy 
e-mail: morelli@farmindustria.it 
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Atheism could be 
science's contribution 
to religion 


SIR — We were perplexed by 
your Editorial on the work of 
the Templeton Foundation 
(‘Templeton’s legacy’ Nature 
454, 253-254; 2008). Surely 
science is about finding material 
explanations of the world — 
explanations that can inspire 
those spooky feelings of awe, 
wonder and reverence in the 
hyper-evolved human brain. 

Religion, on the other hand, is 
about humans thinking that awe, 
wonder and reverence are the 
clue to understanding a God-built 
Universe. (The same is true of 
religion's poor cousin, ‘spirituality’, 
which you slip into your Editorial 
rather as a creationist uses 
‘intelligent design’.) There is a 
fundamental conflict here, one 
that can never be reconciled until 
all religions cease making claims 
about the nature of reality. 

The scientific study of religion 
is indeed full of big questions 
that need to be addressed, such as 
why belief in religion is negatively 
correlated with an acceptance of 
evolution. One could consider 
psychological studies of why 
humans are superstitious and 
believe impossible things, and 
comparative sociological studies 
of religion using materialist 
explanations of the rise and fall of 
the world's belief systems. 

Perhaps the Templeton 
Foundation is thinking of funding 
such research. The outcome of 
such work, we predict, will not 
bring science and religion (or 
‘spirituality’) any closer to one 
another. You suggest that science 
may bring about “advances in 
theological thinking”. In reality, 
the only contribution that science 
can make to the ideas of religion 
is atheism. 

Matthew Cobb Faculty of Life Sciences, 
University of Manchester, Oxford 
Road, Manchester M13 9PL, UK 
e-mail: cobb@manchester.ac.uk 

Jerry Coyne Department of Ecology 
and Evolution, The University of 
Chicago, Chicago, Illinois 60637, USA 
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The blossoming of Japanese mathematics 


Anew compilation of the illustrated geometry problems that decorated shrines in seventeenth-century 
Japan provides puzzles that are still intriguing today, finds Peter J. Lu. 


Sacred Mathematics: Japanese Temple 
Geometry 

by Fukagawa Hidetoshi and Tony Rothman 
Princeton University Press: 2008. 392 pp. 
$35.00, £19.95 


At the beginning of the seventeenth century, 
Tokugawa Ieyasu completed the unification 
of Japan. His shogunate ruled for more than 
250 years and oversaw a period of peace, but 
with restricted foreign contact. Poetry, music 
and literature flourished during this time of 
relative isolation. A unique form of Japanese 
culture of the period was sangaku — a com- 
bination of mathematics and art on votive 
tablets. Illustrated wooden shingles up to sev- 
eral metres across bearing geometry problems 
were hung from Shinto shrines and Buddhist 
temples for public display. Many historical 
sangaku answers appeared on tablets without 
proof, perhaps to demonstrate the mathemati- 
cal prowess of the presenter. And their sacred 
context remains unclear: the tablets might 
have been educational or may have signalled 
gratitude for divine assistance in solving a 
mathematical problem. Of the thousands of 
tablets created, only a fraction survive, and 
they have received scant coverage in histories 
of Japanese mathematics. 

Now Fukagawa Hidetoshi, a mathematics 
teacher, and writer Tony Rothman present a 
collection of sangaku problems in their book, 
Sacred Mathematics. The puzzles range from 
simple algebra within the grasp of any inter- 
mediate-school student, to challenging prob- 
lems that require graduate-school mathematics 
to solve. Copious illustrations and many detailed 
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solutions show the scope, complexity and 
beauty of what was tackled in Japan during the 
Tokugawa shogunate. 

The book offers a feast for recreational 
geometers looking for fun new problems, 
presented and solved in clever ways. Yet the 
authors give little insight into how these prob- 
lems were solved at the time, or whether unique 
Japanese methods were involved. The sangaku 
figures are mostly redrawn with modern nota- 
tion, and solutions offered in the compact form 
of present-day Western mathematics. Ilustrat- 
ing traditional Japanese and modern Western 
methods side by side would have been instruc- 
tive. The book thus achieves only limited suc- 
cess in showcasing sangaku as exemplars of 
a uniquely Japanese style of mathematics, 
because that style is never elucidated. 

Fukagawa and Rothman illuminate the 
mathematics more than the history and con- 
text of the tablets. Citations to mathematical 
theorems abound, yet references supporting 
their historical claims are absent. More seri- 
ously, the historical commentary reflects a 
romantic bias that a unique Japanese culture 
flowered because of its complete isolation. The 
book states, for instance, that “a unique brand 
of homegrown mathematics flourished, one 
that was completely uninfluenced by devel- 
opments in the western mathematics”. This 
generalization is historically unsupported, 
and obstructs an accurate consideration of the 
interplay of factors that drove the development 
of Japanese mathematics. 

Along similar lines, the authors also dis- 
miss the millennium that preceded the sev- 
enteenth century as “a dark age” paralleling 
that in Europe, during which relatively little 
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was accomplished in mathematics. By ignor- 
ing the medieval Islamic world, they fall into 
the same trap as Eurocentric mathematical 
historians who focus exclusively on ancient 
Greece and modern Europe. This omission 
undermines their discussion of the Chinese 
foundation of Japanese mathematics. World- 
leading achievements in mathematics, sci- 
ence and technology — even astronomers 
from Persia — reached China during the 
medieval period by the Silk Road and other 
routes. The book describes in great detail how 
Seki Takakazu, “Japan’s most celebrated math- 
ematician’, calculated 7 to 11 digits in the 
eighteenth century. But it does not mention 
Jamshid Mas ‘ud al-Kashi, who determined 
nm correctly to 16 digits some three centuries 
earlier while residing in Samarkand (in what 
is now Uzbekistan), one of the most impor- 
tant cities along the Silk Road. 

The complex events that followed Japan’s 
opening to the West after the shogunate’s end 
in the 1860s are given similarly short shrift. 
The response of Japanese mathematics to this 
influx of ideas is dispatched with the glib state- 
ment that “resistance was futile”. By quoting a 
science-fiction character from Star Trek that 
annihilates everything in its path by assimi- 
lation, Fukagawa and Rothman trivialize 
Japan’s complicated process of reintegration 
with the international community, and miss 
the opportunity to shed light on how its early 
mathematics contributed to Japan’s present- 
day leadership in science and technology. m™ 
Peter J. Lu is a postdoctoral research fellow in 
the department of physics at Harvard University, 
Cambridge, Massachusetts 02138, USA. 
e-mail: plu@fas.harvard.edu 
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The future ain't what it used to be 


Future Proof/You Call This the Future? 
by Nick Sagan 

with Mark Frary and Andy Walker 

Icon Books/Chicago Review Press: 2008. 
160 pp. £10.99/$14.95 


Rather than teleporting, or even arriving on 
a hoverboard, I rode to work this morning 
on the distinctly nineteenth-century technol- 
ogy of a bicycle on tarmac. Much to the relief 
of my colleagues, I don’t sit at my desk in a 
silver jumpsuit, and my lunch doesn’t come 
in pill form. As a confirmed sci-fi geek, I 
am perpetually disappointed that the things 
promised to me by science fiction have not 
yet arrived. 

Good-quality sci-fi is concerned with the 
present, our current fears and hopes. The tech- 
nology imagined either drives plot, such as the 
human-powered virtual reality of the Matrix 
movies, or is set-dressing, as in the film Alien 
— at its core ahaunted-house story. Alas, accu- 
rate fortune-telling in science fiction is rare. 
No one really predicted the dominance of the 
personal computer over our lives, nor that the 
rather low-tech medium of text-messaging 
would become such a popular form of com- 
munication. As baseball legend Yogi Berra put 
it: “It’s tough to make predictions, especially 
about the future” 

And that is the subject of Nick Sagan’s terrific 
new book. Sagan, a Hollywood screenwriter, 
carries a healthy pedigree in this field. He's the 


son of Carl Sagan who, aside from his work 
as a cosmologist, also wrote some outstanding 
sci-fi, including Contact. The excellent film 
version with Jodie Foster in the lead is one of 
the less fanciful sci-fi films of the 1990s. 
Future Proof is the latest in a recent run of 
guidebooks, such as Daniel H. Wilson's Where’ 
My Jetpack?, about the fictional products imag- 
ined by sci-fi’s finest creators and how close 
we are to realizing those phenomena. Sagan’s 
journey includes terraforming by cyborgs and 
teleporting through wormholes. This snapshot 
of all the bleeding-edge technology currently 
available, even though it falls short of the fic- 
tion, suggests that human endeavour isa truly 
glorious thing — one that we too often take for 
granted. With his co-authors Mark Frary and 
Andy Walker, Sagan writes casually well. And 


Lenses that can project in-eye displays now exist. 


the book features handy diagrams and refer- 
ences to all the best twentieth-century sci-fi. 

The only trouble is that, by definition, science 
moves so quickly that some entries in the book 
are already out of date. For example, Babak 
Parviz and his colleagues from the University 
of Washington in Seattle recently announced 
that they are close to completing a contact 
lens with embedded light-emitting diodes, 
the first step towards creating an in-eye dis- 
play reminiscent of Arnold Schwarzenegger's 
relentless Terminator. Meanwhile, researchers 
from Imperial College London have published 
a paper describing an invisibility cloak — albeit 
still theoretical, and highly impractical. 

Nevertheless, Future Proof is a fun, use- 
ful primer for understanding the symbiosis 
between science and science fiction. Perversely, 
I hope that this version of the book becomes 
redundant sooner rather than later. 

As an experiment in testing the limitations 
of a highly futuristic invention, I wrote this 
review on my iPhone. It's a touch-screen device 
with so many slick functions that it sometimes 
feels indistinguishable from magic: when I first 
turned it on, it creepily showed me where I was 
standing. I’ve become accustomed to its ways 
so quickly that I often find myself smudging 
non-touch-screens in error. But as a typewriter 
for a 500-word book review, it was hopeless. I 
look forward to the day when my children will 
puzzle and sneer at this crude silicon-based tri- 
corder prototype. Until then, I’m not imagina- 
tive or foolish enough to dream up what their 
essential devices might be. a 
Adam Rutherford is Nature Publishing Group's 
Podcast and Video editor. 


More cacophony than harmony 


The World In Six Songs: How the Musical 
Brain Created Human Nature 

by Daniel J. Levitin 

Dutton Books: 2008. 333 pp. $25.95 


Six songs seems a small repertoire to address 
so grandiose a theme. Yet Daniel Levitin con- 
tentiously argues for six classes of song in 
his quickly published follow-on from This Is 
Your Brain On Music. He purports to explain 
neuroscientific concepts by framing them 
around song themes of friendship, joy, com- 
fort, knowledge, religion and love. 
Notwithstanding his claim that he “endeav- 
oured to include examples from music [from] 
all over the world’, Levitin, a recording pro- 
ducer turned academic psychologist, remains 


tenacious in his devotion to pop music. 
Granted, he alludes to a love for Beethoven's 
Pastoral Symphony and mentions Mozart 
occasionally, but other musical genres seem of 
far less importance to him. Listing “the musi- 
cal events that changed the way I would hear 
for the rest of my life’, every one is popular: 
Sting, Cannonball Adderley and Paul Simon 
are among his favourites. It would be unthink- 
able for the author of a book on, say, the ‘picto- 
rial brain’ or the ‘literary brain’ to ignore the 
greatest examples of those arts or to reveal so 
enthusiastically that his tastes seem not to have 
matured since his adolescence. 

Levitin writes for a US audience ofa certain 
age that has never outgrown its attachment 
to the music of its youth. There is little in The 
World in Six Songs to acknowledge those with 
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matured or non-American musical tastes, 
which creates difficulties when he writes about 
“us” having “common ground” or indulges in 
such hyperbole as “our truth detectors go wild”. 
Who, apart from US baby-boomers, might 
comprise this “us”? 

Far from restricting himself to six songs, 
and setting aside that a different person might 
classify those songs differently, the author’s 
repertoire of musical examples is vast. His 
collection of ‘friends’ seems equally extensive. 
The text is littered with names — musicians 
and research academics among them — and 
their mention often seems calculated to 
impress rather than enlighten. Every signifi- 
cant thinker in his field sounds like a trusted 
intimate. 

This makes Levitin look fortunate but, even 
if it were true, makes him intellectually vul- 
nerable. One is unlikely to be critical of the 
work of such ‘friends. And so it proves. When 
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The future ain't what it used to be 


Future Proof/You Call This the Future? 
by Nick Sagan 

with Mark Frary and Andy Walker 

Icon Books/Chicago Review Press: 2008. 
160 pp. £10.99/$14.95 
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about the future” 
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new book. Sagan, a Hollywood screenwriter, 
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son of Carl Sagan who, aside from his work 
as a cosmologist, also wrote some outstanding 
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Lenses that can project in-eye displays now exist. 


the book features handy diagrams and refer- 
ences to all the best twentieth-century sci-fi. 

The only trouble is that, by definition, science 
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so quickly that I often find myself smudging 
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look forward to the day when my children will 
puzzle and sneer at this crude silicon-based tri- 
corder prototype. Until then, I’m not imagina- 
tive or foolish enough to dream up what their 
essential devices might be. a 
Adam Rutherford is Nature Publishing Group's 
Podcast and Video editor. 
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enthusiastically that his tastes seem not to have 
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Levitin writes for a US audience ofa certain 
age that has never outgrown its attachment 
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such hyperbole as “our truth detectors go wild”. 
Who, apart from US baby-boomers, might 
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Far from restricting himself to six songs, 
and setting aside that a different person might 
classify those songs differently, the author’s 
repertoire of musical examples is vast. His 
collection of ‘friends’ seems equally extensive. 
The text is littered with names — musicians 
and research academics among them — and 
their mention often seems calculated to 
impress rather than enlighten. Every signifi- 
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ART OF NOISE 

An early collaboration between 
engineers at Bell Laboratories in 
New Jersey and ten artists, among 
them Robert Rauschenberg, 

Robert Whitman and John Cage, is 
highlighted in an exhibition at New 
York's Museum of Modern Art. 

The group built and featured novel 
technical equipment in avant-garde 
theatre and dance performances 

in October 1966 in New York. This 
formed part of a wider programme by 
Experiments in Art and Technology, 
an organization that promoted 
crossover projects until the 1980s. 


Looking at Music, which runs until 
January 2009, explores how music, 
art and technology have influenced 
each other since the innovations 

of video and electric guitars in the 
1960s. On display are video, audio 
and photographic works by artists 
such as Laurie Anderson, Nam 
June Paik and Bruce Nauman. Films 
accompany the show and track 
developments in technologies, 
including those in early music 
videos by The Beatles, David Bowie 
(pictured) and Captain Beefheart 
http://tinyurl.com/5gakt6 


SMILES OF SUCCESS 
Portraits 

of Nobel y 

prizewinners , 
by the German ° 
photographer 
Peter Badge 
are collected 
in Nobels, 
published by 
Wiley this 
month. Badge has tracked down and 
photographed more than 300 living 
Nobel laureates for this glossy coffee- 
table book, including economist John 
Nash and physicist Hans Dehmelt 
(pictured). A biography is presented 
alongside each portrait. 
http://tinyurl.com/5qmu7s 
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the breathless pace of his prose leads him to 
make glib generalizations, a check of a few 
sources creates serious doubts about the way in 
which he summarizes their research findings. 
Perhaps he has not had time to assimilate them 
adequately. Levitin’s text gives the impression 
ofan assignment by a highly intelligent student 
who has done so much preliminary reading 
and assembled so many references that he can- 
not discipline himself to omit a single one. Not 
all research is good or worthwhile and, in such 
a book, more is not necessarily better. Stricter 
selectivity would have helped. 

The writing is a problem, too. Much of it 
reads as if it was dictated into a machine 
and given the most cursory of edits. Many 
sentences are needlessly opaque. Some par- 
agraphs are trivial and others are contradic- 
tory; his accounts of outcomes of experiments 
differ — a serious flaw — and incompatible 
‘facts’ are given, such as about the sensitiv- 
ity of auditory hair cells. In places the writ- 
ing seems lazy, as with his over-use of the 
phrase “neurochemical soup”. One questions 


his understanding of some material, such 
as an assertion that “grammar specifies 
rules... based on where in the sentence the 
elements appear’, which betrays an unaware- 
ness of Latin and German. Worst ofall are the 
pages of self-indulgent digression from his 
grand, and essentially unprovable, thesis that 
“the musical brain created human nature”. The 
book should have been much shorter and bet- 
ter constructed. 

Why has Levitin written it? I suspect that it 
was at the publisher's urging, after the success 
of his far superior earlier book. The reader’s 
time would be better spent with that previous 
book or by engaging with the research articles 
that Levitin draws on. One would then also 
be spared the boastful confusion of friends 
and anecdotes, the sheer volume of which the 
scientific brain, let alone the musical brain, 
struggles to deal with. 5 
John Carmody is a medical scientist at the 
University of Sydney, Australia, who writes and 
broadcasts on music and scientific history. 
e-mail: jcarmody@med.usyd.edu.au 


Innovations of an 


Chinese Memory: Treasures of a 
5,000-year-old Civilization 
Capital Museum, Beijing 

Until 7 October 2008 


This ancient Chinese ‘environmentally friendly’ 
oil lamp (pictured) has a built-in system to 
eliminate smoke and dates from the Western 
Han dynasty of 206 Bc to Ap 25. It is one of 169 
artefacts on display in the exhibition Chinese 
Memory, showing at the Capital Museum in 
Beijing until October. The items, ranging from 
a 6,000 Bc flute toa twentieth-century incense 
burner, were chosen from 
55 museums across the 
country to trace China’s 
technological and cul- 
tural innovations. 

The bronze oil lamp 
was excavated in Pingsu, 
Shanxi province, in 
1985. It takes the shape 
of a swan goose turning 
its neck backwards, hold- 
ing a fish in its mouth. 
A round burner sits on 
the bird’s back, shaded 
by the fish. Two curved 
bronze panels make an 
adjustable shutter for the 
burner, and can be slid 
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ancient nation 


open or closed to shelter the flame from wind 
and to control the illumination level. When the 
lamp is lit, smoke rises into the bird’s mouth and 
is channelled via the neck into the belly, where it 
is trapped by water. Assembled from four com- 
ponents, it can be taken apart for cleaning. 

The lamp’s form reflects a fusion of philos- 
ophies. During the early Han period, the 
emperors co-opted many ideologies that had 
been suppressed by the preceding Qin dynasty 
(221-206 Bc), during which scholarly books 
were burned and Confucians buried alive. The 
lamp combines Confucianism’s regard for util- 
ity with Taoism’s respect for living in accord 
with nature. The swan 
goose symbolizes com- 
passion and blessing 
and the fish represents 
prosperity. 

By embodying the tra- 
ditional Chinese ideal of 
tianren heyi — the har- 
mony between man and 
nature — this exquisite 
lamp’s design points to 
the early desire among 
the ancients to live ina 
cleanenvironment. 
Jane Qiu is a science 
writer based in London 
and Beijing. 
e-mail: jane@janeqiu.com 
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the breathless pace of his prose leads him to 
make glib generalizations, a check of a few 
sources creates serious doubts about the way in 
which he summarizes their research findings. 
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adequately. Levitin’s text gives the impression 
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time would be better spent with that previous 
book or by engaging with the research articles 
that Levitin draws on. One would then also 
be spared the boastful confusion of friends 
and anecdotes, the sheer volume of which the 
scientific brain, let alone the musical brain, 
struggles to deal with. 5 
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Spartan sport laid bare 


Edgar Degas's painting of female athletes challenging male competitors in classical Sparta raises subtle 
questions about gender, politics and sport, explains Martin Kemp. 


The original Olympic Games, first recorded 
in 776 Bc at Olympia, Greece, were driven 
by the Greek cult of the body beautiful and 
the body athletic. This is directly reflected in 
ancient sculptures of the male form. Revered 
physiques were of two types — the slender and 
graceful form typified by Apollo, and the rug- 
ged muscularity of Hercules. 

Among early Greek cultures, the militaristic 
state of Sparta alone accorded women a status 
comparable with that of men in the cultiva- 
tion of an athletic physique. Plutarch tells us 
that Lycurgus, the severe law-giver of Sparta, 
“ordered the maidens to exercise themselves 
with wrestling, running, throwing the quoit, and 
casting the dart, to the end that the fruit they 
conceived might, in strong and healthy bodies, 
take firmer root and find better growth”. 

This ideal was accompanied by the routine 
exposure of naked or partially clothed women’s 
bodies, which was seen as modest rather than 
shameful, with all wantonness excluded. Plu- 
tarch says that this “taught them simplicity and 
a care for good health, and gave them some 
taste of higher feelings, admitted as they thus 
were to the field of noble action and glory”. 

All this contrasts with the better known 
Athenian culture, in which women were largely 
subordinated in domestic roles and were 
certainly not expected to display their flesh. 
Athenian standards set the tone for subsequent 
European societies. Yet the Spartan cult of bod- 
ily resolution, based on austere physical train- 
ing and forbearance of pain, has inspired many 
military and political movements, including 
the French Revolution. The word spartan, sig- 
nifying courageous endurance, has entered the 
modern vocabulary. 

Sparta has also bequeathed to us the adjective 
‘laconic; after the name of the territory Laconia, 
over which the city of Sparta ruled. The Spar- 
tans were renowned for being people of few 
words, preferring brief utterances and decisive 
action to literary and rhetorical flourishes. 

The singular position of women in Spartan 
culture attracted the attention of the French 
artist Hilaire-Germain-Edgar Degas around 
1860. Those who know Degas from his famous 
scenes of contemporary life, especially his bath- 
ers, dancers and horse races, may be surprised 
to find him tackling the kind of ancient subject 
that was favoured by the conservative academy. 
Degas, however, made a very modern subject 
from ancient history. 

The painting The Young Spartans was begun 


Degas's The Young Spartans portrays an ancient scene yet highlights modern ideas about feminism. 


around 1860 and remained in Degas’s studio. 
He planned to exhibit it in partly reworked 
form at the Fifth Impressionist Exhibition 
in 1880, but did not do so. His patron and 
friend, Diego Martelli, described the subject 
as “girls who challenge the boys to a race, which 
decided, in accordance with the law of those 
people, their submission”. 

On an open grassy plain, four lightly clad 
young women confront a group of naked young 
men, who have cast off their rudimentary gar- 
ments. The youths posture self-consciously as 
adolescent males will, exercising a precocious 
bravado. The leading girl issues a challenge or 
provocation. In the background, as Degas has 
testified, is the white-robed Lycurgus with a 
group of mothers and their children. 

Compared with a prior, unfinished version 
of the painting in the Art Institute of Chicago in 
Illinois, the antique elements are played down. 
A classical shrine has been eliminated, and the 
foreground protagonists have lost their ancient 
appearance. They are now cast as the kind of 
lower class Parisian youths whom Degas some- 
times sketched. 

Degas was deeply interested in physiog- 
nomy, ethnography, anthropology and crimi- 
nology. His famous sculpture of the Little 
Dancer of Fourteen Years was exhibited in a 
glass case in 1881 as a ‘primitive ethnographic 
type, alongside his pastels of criminal physio- 
gnomies. His Spartan boys exhibit the kind 
of profiles with protruding jaw lines that, in 
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a post-Darwinian world, were seen as regres- 
sive. They have distinctly animalistic traits, 
not least in the case of the blond youth on all 
fours. 

The exceptional characterization of the 
women as being openly able to challenge their 
prospective mates for supremacy may well be 
linked to the French feminist ideas of around 
1880. Martelli was an outspoken liberal and 
supporter of women's causes, not least those 
of prostitutes, whom he saw as brutalized by 
the sexual desires of men. ‘Brutalized is itselfa 
loaded word in this post-Darwinian context. 

Degas’s painting is therefore not a simple 
homage to classical antiquity in the tradi- 
tional manner of academic history paintings. 
It stands in a complex relationship with what 
was known about a remarkable early society 
and its potential significance for contemporary 
issues. Politics, feminism and anthropology are 
all in the artistic mix. 

It is worth noting that the first of Baron 
Pierre de Coubertin’s modern Olympic Games, 
held in Athens in 1896, included only male ath- 
letes. Women competitors were admitted four 
years later to the second Olympics in Paris, that 
most modern and political of contemporary 
cities. Yet unlike Sparta, the women did not 
compete directly with the men. a 
Martin Kemp is research professor in the history 
of art at the University of Oxford, OX11PT, UK, 
and author of The Human Animal in Western Art 
and Science. 
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Battle of the sexes may set the brain 


A tug-of-war between the mother’s and father's genes in the developing brain could explain a spectrum of 
mental disorders from autism to schizophrenia, suggest Christopher Badcock and Bernard Crespi. 


It has long been recognized that mental ill- 
nesses such as schizophrenia and autism tend 
to run in families. But neither disorder obeys 
classical Mendelian laws of inheritance, mak- 
ing it difficult to pinpoint the genes involved. 

We believe that psychiatric illness may be 
less to do with the genes a mother and father 
pass down, and more to do with which genes 
they program for expression. By our hypoth- 
esis, a hidden battle of the sexes — where a 
mother’s egg and a father’s sperm engage in 
an evolutionary struggle to turn gene expres- 
sion up or down — could play a crucial part 
in determining the balance or imbalance of an 
offspring’s brain. If this proves true, it would 
greatly clarify the diagnosis of mental disor- 
ders. It might even make it possible to reset the 
mind’s balance with targeted drugs. 

The story begins with the late William 
Hamilton, originator of the selfish gene idea 
popularized by Richard Dawkins. Hamilton 
explained how genetic traits that are appar- 
ently injurious can evolve by natural selec- 
tion. He proved that genes predisposing an 
individual to self-sacrifice could propagate in 
a population if they were sufficiently shared 
by the beneficiaries of such acts. Charles 
Darwin did not know about genes, but saw 
evolution in terms of conflict between indi- 
viduals, groups and species. Hamilton showed 
that evolution is, in fact, a question of con- 
flict between genes. Because individuals in 
sexually reproducing species receive genes 
from two different parents, he also realized 
that such conflicts probably occur within the 
same individual. 

Shortly before Hamilton's untimely death in 
2000, evidence was found for this internal self- 
ish-gene behaviour. Geneticists discovered that 
some crucial genes are expressed when inher- 
ited from one parent, but not when inherited 
from the other. This is achieved through a 
process called imprinting, in which genes in 
the sperm and egg are marked for expression 
or silencing in a later embryo and child. For 
example, a fetus inherits a gene called IGF2, 
which encodes an insulin-like growth fac- 
tor, from both its mother and its father. In 
mammals, only the father’s copy is normally 
expressed. In humans, ifthe mother’s copy is 
also expressed, the result is a child with Beck- 
with-Wiedemann syndrome. This is charac- 
terized by a birthweight that is more than 50% 
above normal, with various other symptoms of 
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over-growth. If, by contrast, both the father’s 
and the mother’s copies are silenced, the oppo- 
site outcome occurs — under-growth, as fea- 
tured in Silver—Russell syndrome. 

Larger babies live longer, develop less dis- 
ease and have better all-round health. It is 
now thought that the genetic conflict over 
offspring size arises because the father’s genes 
gain these benefits by being carried in a large 
offspring at no personal cost to the father. The 
mother, however, pays the costs of gestating, 
giving birth to and suckling a larger child. 
Hence, mammalian mothers silence their cop- 
ies of growth-enhancing genes such as IGF2, 
whereas fathers mark them for expression. 

Genes that are either maternally or pater- 
nally biased thus engage in a genetic tug-of- 
war. Letting the rope slip in one direction or the 
other leads to opposite outcomes in offspring. 


Powerful pull 
It is currently thought that perhaps a few hun- 
dred of the 20,000 or so human genes are sub- 
ject to imprinting, although 
only 63 are confirmed so far. 


that some cases of autism may be the result of 
paternally biased expression of genes involved 
with brain development’. Since then, investi- 
gations of patients with Beckwith- Wiede- 
mann syndrome have revealed that they have 
a greatly increased risk of autism, and people 
with autism tend to have enhanced expression 
of IGF2. These associations support a link 
between autism and imprinting. 

Although there is clearly a wide range of 
risk factors for autism, including some known 
toxins, genetic and hormonal factors, the vast 
majority of cases remain of unknown cause. 
Imprinting could be behind such instances. 

If imprinting in one direction does indeed 
cause autism, then imprinting in the other 
direction should have some opposite effect. It 
struck one of us (C.B.) that some of the funda- 
mental deficits of autism described in Simon 
Baron-Cohen’s 1995 book Mindblindness con- 
trast with classic symptoms of paranoia. For 
example, the defective detection of gaze seen 
in autism seems to be the exact opposite of 
paranoid delusions of being 
watched or spied on. The 


This number might sound “To propose a single, autistic inability to appreci- 
small, but imprinted genes overriding explanation ate what goes on in groups 
such as IGF2 commonly for sucha huge range can also be seen as the antith- 


have far-reaching effects on 
growth and development. 
Imprinting has been found to 
be especially frequent in genes 
expressed in the placenta, the 
organ that governs how resources are extracted 
from the mother. Imprinting is also common 
among genes that drive brain development. A 
reasonable conclusion is that genetic tugs-of- 
war should also affect behaviour, cognition 
and personality. 

Hamilton certainly thought that genetic 
conflict would have psychological conse- 
quences. He noticed that there were ‘people 
people and ‘things people’, classifying himself 
as the latter. Although these tendencies could 
be “disastrous socially”, he wrote, “I believe it 
is in essence an aberration of this kind that 
makes me a successful scientist”’. When taken 
to an extreme, the social difficulties and mech- 
anistic tendencies of ‘things people’ are recog- 
nizable as symptoms of autism. 

Autistic children are notably self-oriented and 
demanding on their care-givers; throughout 
evolutionary history, this has usually been 
the mother. This led us to suggest in 2006 


© 2008 Macmillan Publishers Limited. All rights reserved 


of mental conditions is 
controversial.” 


esis of paranoid delusions of 
conspiracy, which involves 
imagining group activity eve- 
rywhere. Furthermore, the 
religious, magical and mysti- 
cal delusions that cause people with paranoia 
to see evidence of mind, intention and mean- 
ing in everything seem to be the opposite of 
autistic deficits in theory of mind, which result 
in an inability to understand that others have 
their own beliefs and intents. 

We have become convinced that autism 
can be considered as the diametric opposite 
of both paranoia and the full spectrum of 
related psychotic and mood disorders, which 
include schizophrenia, bipolar disorder and 
major depression. Numerous other antitheti- 
cal symptoms fit this broader contrast: autistic 
single-mindedness versus psychotic ambiva- 
lence, autistic candour versus psychotic self- 
deception, autistic deficits in a sense of self 
versus psychotic megalomania and delusions 
of grandeur, and so on. 

In summary, we propose that autistic spec- 
trum conditions are characterized by deficits 
in theory-of-mind skills, or ‘hypo-mentalism, 
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whereas psychotic spectrum conditions involve 
the exact opposite: ‘hyper-mentalism. 

According to this theory’, small deviations 
in imprinted-gene expression towards a mater- 
nal bias should result in smaller babies that are 
energetically ‘cheaper’ to mothers, and who 
are easier behaviourally — more placid, less 
demanding and more mentalistically attuned 
to interpreting and understanding the mental 
states of others. Large maternally biased devia- 
tions should lead to psychosis. Conversely, 
small alterations towards paternal bias should 
lead to relatively demanding children who are 
more focused on ‘things’; larger paternal biases 
should cause the severe hypo-mentalistic defi- 
cits of autism. Between these extremes would 
sit normal cognition. 

To propose a single, overriding explana- 
tion for such a huge range of mental condi- 
tions is controversial. But there seems to be 
some evidence that fits, from genetics as well 
as epidemiology. 


Evidence accrues 

Geneticists have found a region of human 
chromosome 15, for example, that contains 
a set of imprinted genes. Children with a 
paternal bias in gene expression in this area 
develop Angelman or ‘happy puppet’ syn- 
drome, which involves hyperactive, atten- 
tion-seeking behaviour in infancy and a very 
high incidence of autism. Children with a 
maternal bias in this area develop Prader- 
Willi syndrome, which features extremely 
placid, undemanding behaviour in infancy, 
followed after weaning by compulsive food- 


seeking, which can be seen to reduce the 
demands on a mother. This is accompanied 
by rates of psychosis with depression that can 
approach 100%. 

The theory also fits neatly with another 
notable contrast between autistic and psy- 
chotic spectrum conditions: age of onset. 
Autistic disorders typically become notice- 
able in childhood; psychosis mostly develops 
in late adolescence or early adulthood. This 
may be because theory-of-mind skills take 
many years to master, so under-development 
of these skills is noticed much earlier than 
over-development. 

The gene-expression tug-of-war could also 
help to explain sex biases in the prevalence and 
severity of different mental illnesses. Recent 
studies by Baron-Cohen have persuasively 
linked autistic tendencies with exposure of the 
fetus to testosterone, partly explaining the con- 
siderable male bias in vulnerability to autism. 
But Baron-Cohen's ‘extreme male brain’ theory 
does not predict the fact that autism, although 
rarer in girls, is generally more severe in 
females. Conversely, depression is more com- 
mon in females, and schizophrenia is more 
often severe among males. 

According to our theory, there are two 
major axes of cognition: one determined 
by sex, and one by the paternal or maternal 
bias in gene expression. Perhaps mental disor- 
ders are more common but less severe where 
these two axes are compatible: in males with 
autism and females with depression. When 
the two axes are least well-matched, as in 
females with autism and males with psychosis, 
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disorders seem to be much more severe. 

The ‘imprinted brain’ hypothesis could 
be probed through an extensive research 
programme spanning studies of genes, neuro- 
development, social cognition and mental 
conditions. It is vital to establish a full list 
of the genes imprinted in the human brain, 
determine what these genes do, and discover 
how variation in their expression contributes 
to the development of autistic versus psychotic 
spectrum conditions. The search for imprinted 
genes is under way, and methods for finding 
them are improving. Still, not enough atten- 
tion is focused in this direction. 

Our theory of genomic conflict in brain 
development represents the first conceptual 
bridge, grounded in biology, that spans the 
major disorders of the social brain. If our the- 
ory proves correct, Hamilton's essential insight 
into genetic conflict as the fundamental driver 
of evolution would be vindicated, and the 
intricate underpinnings of mental conditions 
such as psychosis, or his own apparent mild 
autism, would be much better understood. m 
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HUMAN BEHAVIOUR 


Share and share alike 


Michael Tomasello and Felix Warneken 


The happy tendency to share resources equitably — at least with members of one’s own social group — is 
a central and unique feature of human social life. It emerges, it seems, in middle childhood. 


Recent experiments'” have shown that 
chimpanzees do not take advantage of cost- 
free opportunities to deliver food to other 
members of their group. Nor do they prevent 
others from getting food when they could easily 
do so. In most situations, our nearest primate 
relatives seem to be focused exclusively on the 
food that they themselves might get. 

In the words of Fehr et al.*, ina paper on page 
1079 of this issue, chimpanzees seem to have 
no “other-regarding preferences”. But human 
children do. In their study, Fehr et al. found 
that children aged 7 to 8 will not only provide 
food for others when it is of no cost to them- 
selves, they will also seek an equal distribution, 
even in situations where they could potentially 
take a larger share for themselves (as well as in 
situations in which they could potentially give 
a larger share to the other’). They care about 
what the other is getting, and they want it to be 
the same as for themselves. Importantly, this 
is especially true when the other is from their 
own group (that is, is one of their classmates), 
rather than from a different group. 

Fehr and colleagues carried out their experi- 
ments with 229 Swiss boys and girls between 
3 and 8 years of age. The children were given 
a choice between two food-allocation options, 
each of which involved providing some sweets 
for themselves and/or some for another child 
(not present, but represented by a photograph). 
For example, in one condition they could 
choose between ‘two for me, none for you and 
‘one each’ 

The authors’ finding that early-school-age 
children value equality of resource distribu- 
tion confirms previous studies*, What is new 
is the experimental design. The current study's 
design follows that of research in experimen- 
tal economics with adults, such that the child’s 
choice of resource distribution is anonymous 
(the recipient is not in the room) and it will 
happen only once. This is meant to rule out the 
possibility that, as they divvy up the rewards, the 
children are mainly concerned either with future 
reciprocity from the recipient or with their own 
reputation for cooperation. With these self-cen- 
tred concerns ruled out, we can be more confi- 
dent that the children are truly acting with the 
other’s welfare in mind, as well as their own. 


Sweet exchange: early-school-age children value equality of resource distribution. 


Such other-regarding preferences are the 
foundation on which humans’ unique forms 
of altruism, cooperation and social norms 
of fairness are built. Without a tendency 
to monitor and care about what others are 
experiencing and getting — and comparing 
it with what one is experiencing and getting 
oneself — it is difficult to imagine that human 
morality and culture could exist. And the ten- 
dency to prefer equal outcomes for everyone 
in the group is characteristic of individu- 
als in the kinds of hunter-gatherer societies 
in which humans spent the vast majority of 
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their evolutionary history, suggesting that this 
preference did indeed play an important part 
in the evolution of human cooperation’. 

The main criticism of this type of research 
with adults is that subjects do not really believe 
the assurances of anonymity — or that human 
psychology is such that we cannot help but 
operate as if we are being watched even when 
we ‘know’ we are not’. In Fehr and colleagues’ 
study, the children were told that everything 
was anonymous and that this was a one-time 
event (the beneficiary ‘children’ were only 
pictured). However, the worry here is that the 
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children could easily have been concerned with 
what the adult experimenters — who stayed in 
the room as the children decided — thought of 
them as cooperators. 

A notable result was a change to other- 
regarding behaviour with age: younger chil- 
dren (3-4 years old) were mostly self-centred, 
whereas the older children (7-8 years old) 
were concerned with equality — within their 
group, that is. Interestingly, this developmental 
pattern is different from that of another form 
of altruism, namely ‘instrumental helping. 
Human infants as young as 14-18 months 
readily help others do such things as fetch or 
stack objects, or open cabinets’. For this kind 
of helping there is direct evidence that infants 
are not influenced by external rewards, and 
indeed our nearest primate relatives sometimes 
help others achieve their goals as well”®. So, in 
the case of instrumental helping, the develop- 
mental trajectory is of early altruism and other- 
regarding preferences, and then, presumably, 
growing concern with reciprocity and reputa- 
tion as children learn to be selective altruists so 
as to avoid being exploited by others. 

One difference between these studies on 
instrumental helping and Fehr and colleagues’ 
research is that, in the former case, children 
were faced with a real individual, not pictures, 
and this might influence their altruism. That 
is, in more natural settings, where resources 
are being distributed among individuals who 
are physically present, young children might 
very well start out being altruistic as well. But 
it is also possible that altruism is not a general 
trait, and that there are actually two different 
evolutionary scenarios involved here: one for 
helping behaviourally and one for sharing 
resources. Young infants may thus be helpful 
behaviourally because it involves only energetic 
and opportunity costs. But being generous with 
food is another story, which might be governed 
especially strongly by such things as expecta- 
tions of reciprocity, adult encouragement and 
social norms. 

Fehr et al.* thus contribute to a grow- 
ing collection of direct investigations of the 
tendency of human beings to care about and 
act on behalf of others. Their paper shows that, 
in the case of sharing resources equitably, the 
tendency emerges in middle childhood. It is 
also significant that this tendency, even in 
childhood, is directed mostly at others within 
the group, for much evidence now suggests 
that human cooperation is at root parochial’. 
In the end, research of this kind should help 
us to determine the degree to which human 
social life, morality and culture derive from 
a unique other-regarding psychology that 
emerges early in life. = 
Michael Tomasello and Felix Warneken are in the 
Department of Developmental and Comparative 
Psychology, Max Planck Institute for Evolutionary 
Anthropology, Deutscher Platz 6, D-04103 
Leipzig, Germany. 
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EARTH SCIENCE 


A sheet-metal geodynamo 


Ulrich R. Christensen 


A decade of modelling Earth's core on computers has led to the belief 
that we understand what produces Earth's magnetic field. More realistic 
simulations are now shaking that complacency. 


Earth’s magnetic field is often depicted as 
though a gigantic bar magnet resides inside 
our planet. In fact, the magnetic field is 
created by strong electrical currents gener- 
ated by a dynamo process resulting from the 
flow of molten iron in Earth’s outer core. An 
important feature of this motion is thought to 
be spiralling flows in the form of long columns 
running parallel to Earth’s axis. Despite 
numerous simplifying assumptions, previ- 
ous computer simulations of Earth’s core have 
reproduced both this kind of flow and the 
properties of the magnetic field remarkably 
well. On page 1106 of this issue, Kageyama 
et al. present a simulation that should more 
closely model the conditions in Earth's core. 
Instead of columns, the model shows thin 
sheets, which undermines our present thoughts 
on exactly how the geodynamo works. 

Ina simple dynamo, as might power the lights 
ona bicycle, the motion ofa wire through a mag- 
netic field generates electrical current in that 
wire. In more sophisticated, technical dynamos 
found in cars or power stations, the magnetic 
field is generated by the dynamo’s own current 
rather than being externally applied. These 
dynamos work because the current is guided 
by wires arranged in coils. But Earth’s core is 
an unstructured sphere of iron, which is liquid 
in its outer part. A simple rotational motion 
of the core would be insufficient to produce a 
magnetic field. Rather, the liquid metal must 
follow complex paths reminiscent of the coils in 
a technical dynamo. 

The flow of material in the outer, liquid, core 
is produced by convection, driven mainly by 
a flux of heat and buoyant elements (such as 
silicon and sulphur) that emanate from the 
inner, solid, core. The flow is strongly influ- 
enced by forces due to Earth’s rotation — such 
as the Coriolis force, which causes low-pressure 
weather systems to rotate anticlockwise in the 
Northern Hemisphere, and clockwise in the 
Southern Hemisphere. As long as convection 
is weak, the flow takes the form of columns, 
aligned north-south, through which fluid 
particles move with a corkscrew-like trajectory 
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(Fig. 1). Theoretical work has shown that this 
situation could generate a magnetic field with 
a dipolar (bar-magnet-like) structure’. Previ- 
ous computer simulations of the geodynamo 
that solved the equations of fluid flow and 
magnetic induction in a rotating sphere sup- 
port the existence of such columns and their 
role in the generation of magnetic fields**. 
They show magnetic field lines emerging at 
the top of Earth’s core mainly in so-called flux 
lobes, which appear in pairs aligned on the 
same meridian line at around 60° latitude in 
the Northern and Southern Hemispheres. The 
locations of the lobes are thought to be places 
where individual convection columns touch 
the outer boundary of the core’. 

All computer models of the geodynamo suffer 
from being unable to run with true core condi- 
tions, because this would require much more 
powerful computers than are currently available. 
For example, the viscosity of the liquid core must 
be made unrealistically large to suppress small- 
scale eddies in the flow that cannot be resolved 
on present computers. A useful measure of vis- 
cosity here is the Ekman number, which is the 
ratio of viscous friction to the Coriolis force. The 
Ekman number in the core is tiny, around 10°, 
but until now geodynamo simulations have only 
been able to operate down to Ekman numbers 
of 10°°, with larger values being used in most 
cases. Kageyama et al.' used 4,096 processors 
at the Earth simulator in Japan to run a vigor- 
ously convecting dynamo model with an Ekman 
number approaching 10°’. 

This may seem a small step, given the 
discrepancy remaining — eight orders of 
magnitude — but such efforts are important 
to discover whether simulations with high 
Ekman numbers produce qualitatively similar 
results to those with more realistic conditions, or 
whether lowering the Ekman number results in 
marked alterations. It was expected that, at lower 
Ekman numbers, the vortex columns would 
become narrower and more numerous. Instead, 
Kageyama et al.'find that the flows become flat- 
tened into thin sheets radiating out from Earth's 
axis, reminiscent of the gills of a mushroom 
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children could easily have been concerned with 
what the adult experimenters — who stayed in 
the room as the children decided — thought of 
them as cooperators. 

A notable result was a change to other- 
regarding behaviour with age: younger chil- 
dren (3-4 years old) were mostly self-centred, 
whereas the older children (7-8 years old) 
were concerned with equality — within their 
group, that is. Interestingly, this developmental 
pattern is different from that of another form 
of altruism, namely ‘instrumental helping. 
Human infants as young as 14-18 months 
readily help others do such things as fetch or 
stack objects, or open cabinets’. For this kind 
of helping there is direct evidence that infants 
are not influenced by external rewards, and 
indeed our nearest primate relatives sometimes 
help others achieve their goals as well”®. So, in 
the case of instrumental helping, the develop- 
mental trajectory is of early altruism and other- 
regarding preferences, and then, presumably, 
growing concern with reciprocity and reputa- 
tion as children learn to be selective altruists so 
as to avoid being exploited by others. 

One difference between these studies on 
instrumental helping and Fehr and colleagues’ 
research is that, in the former case, children 
were faced with a real individual, not pictures, 
and this might influence their altruism. That 
is, in more natural settings, where resources 
are being distributed among individuals who 
are physically present, young children might 
very well start out being altruistic as well. But 
it is also possible that altruism is not a general 
trait, and that there are actually two different 
evolutionary scenarios involved here: one for 
helping behaviourally and one for sharing 
resources. Young infants may thus be helpful 
behaviourally because it involves only energetic 
and opportunity costs. But being generous with 
food is another story, which might be governed 
especially strongly by such things as expecta- 
tions of reciprocity, adult encouragement and 
social norms. 

Fehr et al.* thus contribute to a grow- 
ing collection of direct investigations of the 
tendency of human beings to care about and 
act on behalf of others. Their paper shows that, 
in the case of sharing resources equitably, the 
tendency emerges in middle childhood. It is 
also significant that this tendency, even in 
childhood, is directed mostly at others within 
the group, for much evidence now suggests 
that human cooperation is at root parochial’. 
In the end, research of this kind should help 
us to determine the degree to which human 
social life, morality and culture derive from 
a unique other-regarding psychology that 
emerges early in life. = 
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EARTH SCIENCE 


A sheet-metal geodynamo 


Ulrich R. Christensen 


A decade of modelling Earth's core on computers has led to the belief 
that we understand what produces Earth's magnetic field. More realistic 
simulations are now shaking that complacency. 


Earth’s magnetic field is often depicted as 
though a gigantic bar magnet resides inside 
our planet. In fact, the magnetic field is 
created by strong electrical currents gener- 
ated by a dynamo process resulting from the 
flow of molten iron in Earth’s outer core. An 
important feature of this motion is thought to 
be spiralling flows in the form of long columns 
running parallel to Earth’s axis. Despite 
numerous simplifying assumptions, previ- 
ous computer simulations of Earth’s core have 
reproduced both this kind of flow and the 
properties of the magnetic field remarkably 
well. On page 1106 of this issue, Kageyama 
et al. present a simulation that should more 
closely model the conditions in Earth's core. 
Instead of columns, the model shows thin 
sheets, which undermines our present thoughts 
on exactly how the geodynamo works. 

Ina simple dynamo, as might power the lights 
ona bicycle, the motion ofa wire through a mag- 
netic field generates electrical current in that 
wire. In more sophisticated, technical dynamos 
found in cars or power stations, the magnetic 
field is generated by the dynamo’s own current 
rather than being externally applied. These 
dynamos work because the current is guided 
by wires arranged in coils. But Earth’s core is 
an unstructured sphere of iron, which is liquid 
in its outer part. A simple rotational motion 
of the core would be insufficient to produce a 
magnetic field. Rather, the liquid metal must 
follow complex paths reminiscent of the coils in 
a technical dynamo. 

The flow of material in the outer, liquid, core 
is produced by convection, driven mainly by 
a flux of heat and buoyant elements (such as 
silicon and sulphur) that emanate from the 
inner, solid, core. The flow is strongly influ- 
enced by forces due to Earth’s rotation — such 
as the Coriolis force, which causes low-pressure 
weather systems to rotate anticlockwise in the 
Northern Hemisphere, and clockwise in the 
Southern Hemisphere. As long as convection 
is weak, the flow takes the form of columns, 
aligned north-south, through which fluid 
particles move with a corkscrew-like trajectory 
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(Fig. 1). Theoretical work has shown that this 
situation could generate a magnetic field with 
a dipolar (bar-magnet-like) structure’. Previ- 
ous computer simulations of the geodynamo 
that solved the equations of fluid flow and 
magnetic induction in a rotating sphere sup- 
port the existence of such columns and their 
role in the generation of magnetic fields**. 
They show magnetic field lines emerging at 
the top of Earth’s core mainly in so-called flux 
lobes, which appear in pairs aligned on the 
same meridian line at around 60° latitude in 
the Northern and Southern Hemispheres. The 
locations of the lobes are thought to be places 
where individual convection columns touch 
the outer boundary of the core’. 

All computer models of the geodynamo suffer 
from being unable to run with true core condi- 
tions, because this would require much more 
powerful computers than are currently available. 
For example, the viscosity of the liquid core must 
be made unrealistically large to suppress small- 
scale eddies in the flow that cannot be resolved 
on present computers. A useful measure of vis- 
cosity here is the Ekman number, which is the 
ratio of viscous friction to the Coriolis force. The 
Ekman number in the core is tiny, around 10°, 
but until now geodynamo simulations have only 
been able to operate down to Ekman numbers 
of 10°°, with larger values being used in most 
cases. Kageyama et al.' used 4,096 processors 
at the Earth simulator in Japan to run a vigor- 
ously convecting dynamo model with an Ekman 
number approaching 10°’. 

This may seem a small step, given the 
discrepancy remaining — eight orders of 
magnitude — but such efforts are important 
to discover whether simulations with high 
Ekman numbers produce qualitatively similar 
results to those with more realistic conditions, or 
whether lowering the Ekman number results in 
marked alterations. It was expected that, at lower 
Ekman numbers, the vortex columns would 
become narrower and more numerous. Instead, 
Kageyama et al.'find that the flows become flat- 
tened into thin sheets radiating out from Earth's 
axis, reminiscent of the gills of a mushroom 
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Figure 1| Alternative geodynamos. The magnetic field is generated in Earth's liquid outer core. 

a, In the conventional concept, the molten iron circulates along a spiralling path in columns aligned 
in the north-south direction, generating electrical currents that set up the dipolar magnetic field. The 
concentration of field lines into anticyclonic vortices (rotating in the same direction as air around a 
region of high pressure) has been thought to explain the intense magnetic lobes found in Earth’s field 
at the top of the core. b, The computer simulations of Kageyama et al.' show that the flow pattern in 
the core may bear more resemblance to a set of thin sheets, which puts the conventional concept into 
question. The sheet-like flow is efficient at generating a magnetic field, but how it might lead to the 


dipole geometry of Earth’s field is not yet clear. 


radiating away from its stem. Similar patterns 
have been observed in laboratory convection 
experiments’. If the flow in Earth’s core has the 
form of elongated sheets rather than columns, 
the interpretation of magnetic flux lobes at the 
top of the core must be reconsidered. 
Kageyama and colleagues’ simulations’ 
show that a laminated flow pattern still acts 
as an efficient dynamo. The conventional way 
of visualizing dynamo simulations is to map 
the resulting magnetic field lines. In complex 
dynamos the result often looks like a bowl of 
spaghetti and is hard to interpret. Kageyama 


et al. instead map lines of electrical current to 
produce a more coherent image, showing a 
large number of structures similar to the coils 
used in electrical engineering. However, unlike 
the Earth, this model produces a magnetic field 
that is not predominantly dipolar. 

It is disturbing that dynamo models with 
grossly simplified parameters reproduce Earth’s 
field well, whereas this agreement degrades 
when conditions are made more realistic. 
Some proposed explanations for this discrep- 
ancy highlight the problems encountered when 
performing simulations at the edge of what is 


currently possible. Even though the simulation 
took many months to run, it covered only 2,000 
years of modelled time. If the flow in Earth’s core 
were to stop suddenly, the dipole field would 
take 20,000 years to decay and so a similar time 
scale might be needed to create the field from 
scratch, requiring computer runs of years rather 
than months. In addition, the Ekman number 
is not the only parameter that has had to be set 
at unrealistic levels in geodynamo models. For 
example, the ratio between viscosity and elec- 
trical resistivity (magnetic Prandtl number) is 
set to 1 in simulations, despite being about 10° 
in the core. 

It will remain impossible to model the 
geodynamo at true core conditions for the fore- 
seeable future. The recipe for getting models 
with an Earth-like field might therefore be to 
have the parameters ‘wrong in the right propor- 
tions. The question is then what relationships 
between parameters must be kept fixed as we 
approach more realistic values. Kageyama et al.’ 
have penetrated territory previously inacces- 
sible to simulation. The next step will be even 
more demanding: scouting this new terrain to 
identify the true path through parameter space 
to understanding. | 
Ulrich R. Christensen is at the Max Planck 
Institute for Solar System Research, Max-Planck 
Strasse 2, 37191 Katlenburg-Lindau, Germany. 
e-mail: christensen@mps.mpg.de 
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SYSTEMS BIOLOGY 


Reverse engineering the cell 


Nicholas T. Ingolia and Jonathan S. Weissman 


Borrowing ideas that were originally developed to study electronic circuits, 
two reports decipher how yeast reacts to changes in its environment by 
analysing the organism's responses to oscillating input signals. 


Systems biology has certainly caught people’s 
attention. But when pressed to define precisely 
what it is, let alone how it will complement clas- 
sic reductionist approaches, concrete answers 
can be hard to find. One immediate, practi- 
cal contribution of systems biology is that it 
suggests new ways of interrogating cellular 
responses to stimuli, and provides a framework 
for understanding the results’. In this spirit, two 
papers”? now borrow ideas from the theory of 
system identification — a formal strategy for 
building mathematical models of dynamic sys- 
tems based on experimental data — to examine 
the response of yeast cells to changes in their 


environment. In both cases, the authors use 
microfluidics to control precisely the external 
stimuli and to quantify the cells’ responses. The 
authors thus unravel some of the ‘wiring’ of 
the signal transduction networks that monitor 
these environmental changes. 

Studies of gene regulatory networks typi- 
cally measure the way in which cells respond 
to strong perturbations, such as changes in tem- 
perature or abrupt variations in nutrient con- 
centration. Such marked changes are valuable 
for inducing signalling pathways and for iden- 
tifying the molecules involved, but are not likely 
to be representative of physiological conditions. 
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At worst, they might even give a distorted view 
of the normal function of the pathways. For- 
tunately, more nuanced approaches can help 
overcome these problems. 

Engineers know that certain dynamic 
systems, such as electronic circuits, can be stud- 
ied by measuring their response to stimuli that 
vary with a sinusoidal pattern’. In this approach, 
the response of the system is measured at differ- 
ent frequencies of periodic signals; well-devel- 
oped mathematical methods are then used to 
convert this ‘output’ into a model of the inner 
workings of the system. The frequency depen- 
dences of two quantities are particularly infor- 
mative: the amplitude of the response and the 
lag (phase difference) between the input stimu- 
lus and the output behaviour (Fig. 1, overleaf). 
This approach has previously been used to study 
bacterial movement in response to different 
frequencies of pulses of a chemical attractant’. 
But broader biological applications of the strat- 
egy have had to wait for technical advances 
that are only now coming into play — such as 
microfluidics and fluorescent cell reporters. 

Enter Mettetal et al.’, who report in Science 
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Figure 1| Alternative geodynamos. The magnetic field is generated in Earth's liquid outer core. 

a, In the conventional concept, the molten iron circulates along a spiralling path in columns aligned 
in the north-south direction, generating electrical currents that set up the dipolar magnetic field. The 
concentration of field lines into anticyclonic vortices (rotating in the same direction as air around a 
region of high pressure) has been thought to explain the intense magnetic lobes found in Earth’s field 
at the top of the core. b, The computer simulations of Kageyama et al.' show that the flow pattern in 
the core may bear more resemblance to a set of thin sheets, which puts the conventional concept into 
question. The sheet-like flow is efficient at generating a magnetic field, but how it might lead to the 


dipole geometry of Earth’s field is not yet clear. 


radiating away from its stem. Similar patterns 
have been observed in laboratory convection 
experiments’. If the flow in Earth’s core has the 
form of elongated sheets rather than columns, 
the interpretation of magnetic flux lobes at the 
top of the core must be reconsidered. 
Kageyama and colleagues’ simulations’ 
show that a laminated flow pattern still acts 
as an efficient dynamo. The conventional way 
of visualizing dynamo simulations is to map 
the resulting magnetic field lines. In complex 
dynamos the result often looks like a bowl of 
spaghetti and is hard to interpret. Kageyama 


et al. instead map lines of electrical current to 
produce a more coherent image, showing a 
large number of structures similar to the coils 
used in electrical engineering. However, unlike 
the Earth, this model produces a magnetic field 
that is not predominantly dipolar. 

It is disturbing that dynamo models with 
grossly simplified parameters reproduce Earth’s 
field well, whereas this agreement degrades 
when conditions are made more realistic. 
Some proposed explanations for this discrep- 
ancy highlight the problems encountered when 
performing simulations at the edge of what is 


currently possible. Even though the simulation 
took many months to run, it covered only 2,000 
years of modelled time. If the flow in Earth’s core 
were to stop suddenly, the dipole field would 
take 20,000 years to decay and so a similar time 
scale might be needed to create the field from 
scratch, requiring computer runs of years rather 
than months. In addition, the Ekman number 
is not the only parameter that has had to be set 
at unrealistic levels in geodynamo models. For 
example, the ratio between viscosity and elec- 
trical resistivity (magnetic Prandtl number) is 
set to 1 in simulations, despite being about 10° 
in the core. 

It will remain impossible to model the 
geodynamo at true core conditions for the fore- 
seeable future. The recipe for getting models 
with an Earth-like field might therefore be to 
have the parameters ‘wrong in the right propor- 
tions. The question is then what relationships 
between parameters must be kept fixed as we 
approach more realistic values. Kageyama et al.’ 
have penetrated territory previously inacces- 
sible to simulation. The next step will be even 
more demanding: scouting this new terrain to 
identify the true path through parameter space 
to understanding. | 
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Reverse engineering the cell 


Nicholas T. Ingolia and Jonathan S. Weissman 


Borrowing ideas that were originally developed to study electronic circuits, 
two reports decipher how yeast reacts to changes in its environment by 
analysing the organism's responses to oscillating input signals. 


Systems biology has certainly caught people’s 
attention. But when pressed to define precisely 
what it is, let alone how it will complement clas- 
sic reductionist approaches, concrete answers 
can be hard to find. One immediate, practi- 
cal contribution of systems biology is that it 
suggests new ways of interrogating cellular 
responses to stimuli, and provides a framework 
for understanding the results’. In this spirit, two 
papers”? now borrow ideas from the theory of 
system identification — a formal strategy for 
building mathematical models of dynamic sys- 
tems based on experimental data — to examine 
the response of yeast cells to changes in their 


environment. In both cases, the authors use 
microfluidics to control precisely the external 
stimuli and to quantify the cells’ responses. The 
authors thus unravel some of the ‘wiring’ of 
the signal transduction networks that monitor 
these environmental changes. 

Studies of gene regulatory networks typi- 
cally measure the way in which cells respond 
to strong perturbations, such as changes in tem- 
perature or abrupt variations in nutrient con- 
centration. Such marked changes are valuable 
for inducing signalling pathways and for iden- 
tifying the molecules involved, but are not likely 
to be representative of physiological conditions. 
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At worst, they might even give a distorted view 
of the normal function of the pathways. For- 
tunately, more nuanced approaches can help 
overcome these problems. 

Engineers know that certain dynamic 
systems, such as electronic circuits, can be stud- 
ied by measuring their response to stimuli that 
vary with a sinusoidal pattern’. In this approach, 
the response of the system is measured at differ- 
ent frequencies of periodic signals; well-devel- 
oped mathematical methods are then used to 
convert this ‘output’ into a model of the inner 
workings of the system. The frequency depen- 
dences of two quantities are particularly infor- 
mative: the amplitude of the response and the 
lag (phase difference) between the input stimu- 
lus and the output behaviour (Fig. 1, overleaf). 
This approach has previously been used to study 
bacterial movement in response to different 
frequencies of pulses of a chemical attractant’. 
But broader biological applications of the strat- 
egy have had to wait for technical advances 
that are only now coming into play — such as 
microfluidics and fluorescent cell reporters. 

Enter Mettetal et al.’, who report in Science 
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Figure 1| Modelling dynamic systems. In 
systems such as electronic circuits, the input 
signals are transformed in a defined manner to 
produce the output. The output of the system 

in response to a sinusoidal input signal can be 
analysed with well-developed mathematical 
methods to produce a model of how the system 
works. The frequency dependence of two aspects 
of the output, namely the amplitude and the 
phase shift between the output and the input, is 
especially informative. This approach has now 
been used to model the biological pathways 
involved in the response of the yeast S. cerevisiae 
to glucose levels’ or osmotic strength’ in the 
surrounding medium. 


their findings on the amplitude and phase 
responses of the yeast Saccharomyces cerevisiae 
to periodic changes in the osmotic strength of 
the surrounding medium. Using system-iden- 
tification strategies borrowed from electrical 
engineers, they built an abstract model of the 
osmotic stress response from their data. They 
then compared this model with what was 
known about the molecular components of the 
response. This allowed them to reveal the role 
of different negative feedback loops in control- 
ling the timescale of the process. 

When starved of its favoured nutrient, 
glucose, S. cerevisiae can exploit an alternative 
sugar, galactose. In a study complementary to 
that of Mettetal and colleagues, Bennett et al. 
(page 1119, this issue) have probed how the 
transcriptional regulation of the yeast’s galac- 
tose-utilization genes responds to oscillations 
in glucose levels. These genes are induced by 
the presence of galactose, provided that glucose 
is not present. 

Bennett et al. used microfluidics to produce 
a chamber that provides a controlled flow of 
growth medium to yeast cells. They then added 
glucose to the flow so that the glucose levels in 
the chamber varied sinusoidally. By studying 
cells that had been engineered to co-express 
a fluorescent reporter protein with one of the 
yeast's galactose-utilizing enzymes, the authors 
could quantify the cells’ response to galactose. 
Using the microfluidics set-up, they were 
therefore able to measure the transcriptional 
response of galactose-utilizing genes to oscil- 
lations of glucose concentration at different 
frequencies. They found that the yeast reacts 
strongly to slow oscillations in glucose levels, 
but weakly to fast oscillations. The galactose- 
response pathway therefore seems to be a 
low-pass filter, in which cells react to long-term 
changes in nutrient conditions but ignore fast 
fluctuations. 

The gene-regulatory response of yeast to 


galactose has been extensively studied, which 
allowed Bennett et al.” to use their results to 
make detailed, quantitative models of the bio- 
logical pathway involved in the process. But 
their first model could not reproduce the scale 
of the difference between the low-frequency 
and high-frequency responses. The authors 
therefore proposed that a previously unsus- 
pected mechanism, not included within their 
model, must also be involved. 

Because the decay rate of messenger RNA 
in the pathway determines the duration of a 
crucial part of the model, and because glu- 
cose is known to affect the stability of some 
mRNAs, the authors hypothesized that regu- 
lation of mRNA stability by glucose could be 
the missing element of their model. They con- 
firmed this experimentally, by showing that the 
mRNAs of critical galactose-response genes 
are destabilized by the presence of glucose. 
Bennett and colleagues’ systems-identification 
strategy for studying the galactose-utilization 
pathway in yeast has thus led to the discovery 
of a previously unknown level of regulation 
in this well-studied process. Furthermore, 
the authors have linked the new regulation 
mechanism to a possible physiological func- 
tion, namely responding to long-term changes 
in nutrients but not to faster fluctuations. 

The authors next tested the response of a 
different strain of yeast — one that has a defect 
in its galactose-utilization pathway — to oscil- 
lations in glucose levels. This strain requires 
much higher levels of galactose than normal 
strains for steady-state activation of the rele- 
vant genes. They found that the defect affected 
only the phase component of the response to 
glucose oscillations. In other words, this strain 
was just as good as the normal strain at dis- 
tinguishing different oscillation frequencies. 
Both strains are therefore capable of ignoring 
fast fluctuations in nutrients, but the mutant 
strain takes longer to respond to slow per- 
turbations. Although otherwise accurate, 
Bennett and colleagues’ simulations’ of the 
defective yeast’s response failed to predict that 
it would be slower to react than the normal 
strain. This might point to yet more unappre- 
ciated mechanistic nuances in the galactose- 
utilization pathway. 

The experimental combination of micro- 
fluidic signal control with fluorescent output 
is powerful: any diffusible signal could, in 
principle, provide a variable stimulus, and 
fluorescent reporter proteins are a mainstay 
of modern transcriptional regulation studies. 
Frequency-response measurements of this 
sort will therefore be possible in many differ- 
ent biological systems. Of course, it might be 
that the systems-determination strategy will 
have limited use for interpreting the results, 
especially for noisy biological responses. But 
it should at least provide a starting point for 
unravelling pathways. More generally, these 
two papers~’ emphasize that the way we choose 
to perturb biological systems determines what 
aspects of those systems can be observed. 
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50 YEARS AGO 

Bradenham Manor, the property 
of the National Trust, has been 
leased to the British Tabulating 
Machine Co., Ltd., for use as a 
Hollerith Computer Training 
Centre... [T]he Centre was 
opened by Lord Halsbury... 
who said that the old idea that a 
trainee learnt his job by copying 
what his predecessor could be 
seen to be doing has no room in 
the field of computer training. 
Training on modern, almost 


academic, lines is what is required 
... Some 3,000 people per annum 


undergo training in the use and 
applications of mechanized 
accounting equipment at the 
five educational and training 
establishments maintained by 
the British Tabulating Machine 
Company's resources. 

From Nature 30 August 1958. 


100 YEARS AGO 

A discussion will take place 

in Section D of the British 
Association on the abuses 
resulting from the strict 
application of the rule of priority 
in zoological nomenclature 

and on the means of protecting 
well-established names. Much 
inconvenience is caused by the 
extreme application of the rule... 
the worst feature of which is 

... the transfer of names from 
one to another, as we have seen 
in the case of Astacus, Torpedo, 
Holothuria, Simia, Cynocephalus 
... Many zoologists think it is 
time to protest against the evil 
resulting from the indiscriminate 
application of what would be an 
excellent rule if tempered by a 
little consideration for tradition. 
ALSO: 

According to a Times 
correspondent, Dr. Lee De 
Forest expects that within two 
years Paris and New York will 
be in direct wireless telephonic 
communication. An apparatus 
which may ultimately transmit 
and receive messages to and 
from the Eiffel Tower is to be 
installed upon the 700-feet 
tower of the Metropolitan Life 
Insurance Company of New 
York. 

From Nature 27 August 1908. 
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Technologies that permit a broader range of 
perturbations to be made should be welcomed, 
because they enable new aspects of even well- 
studied processes to be explored. a 
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CONDENSED-MATTER PHYSICS 


Dual realities in superconductors 


Tetsuo Hanaguri 


In some copper oxides, superconductivity emerges when fixed electrons 
become mobile. A microscopy technique reveals that this process is 
associated with the transfer of electrons between real and abstract spaces. 


Superconductivity is a dramatic phenomenon 
in which a material loses all resistance to 
electric currents. Although the concept is 
simple, the electronic states that underlie 
superconductivity are complex, and provide a 
rich area for research. This is especially true for 
high-temperature superconductors based on 
copper oxide (cuprates), for which mechanisms 
of superconductivity remain hotly debated 
some two decades after their discovery. 

The properties of cuprates are mainly 
governed by the density of mobile charge- 
carrying species (such as electrons). This den- 
sity can be controlled by ‘doping’ the mate- 
rial with small quantities of foreign atoms. 
As the number of carriers is reduced, the 
superconductivity of the material gradually 
diminishes, and a strange and poorly 
understood electronic state — the pseudo-gap 
state’ — develops. On page 1072 of this issue, 
Kohsaka et al.’ report a startling discovery in 
the nature of the electronic states that underlie 
this process. They find that, as carrier density 
decreases, the delocalized electrons responsible 
for superconductivity are progressively replaced 
by localized electronic entities, which form the 
structure of the pseudo-gap phase. 

Conventional metals have many conducting 
electrons, which are best thought of as being 
spread throughout the material in waves. For 
all practical purposes, these waves do not inter- 
act with one another, which means that the 
quantum state of the electrons can be classified 
using a property (known as a wavevector) that 
is proportional to the electron’s momentum. 
Electrons prefer to occupy low-energy states, 
but Pauli’s exclusion principle allows only one 
electron to occupy any of the quantum energy 
states available in the metal. As a result, the 
lowest energy states are filled up to a charac- 
teristic energy level, so that every electron has 
its own definite momentum. The boundary 
between occupied and unoccupied states in the 
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abstract space of momentums defines what is 
called the Fermi surface. 

But in some materials, the approxima- 
tion that electrons do not interact with one 
another breaks down. This leads to many 
interesting phenomena, none of which can be 
anticipated from the properties of individual 
electrons. Superconductivity is one of these 
emergent phenomena, and involves pairs 
of electrons bound together by an attractive 
interaction. When a sufficiently large number 
of these ‘Cooper pairs’ condense into a single 
quantum state, superconductivity occurs. In 
conventional superconductors, Cooper pairs 
consist of two electrons travelling in opposite 
directions at the Fermi surface. Superconduc- 
tivity is therefore a phenomenon that is best 
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understood in the world of momentum space. 

In some transition-metal compounds, 
including cuprates, repulsive Coulomb 
interactions between the negative charges 
on electrons also have a role. In undoped 
compounds, Coulomb interactions are strong 
enough to localize an electron at each atomic 
site in real space, preventing the material from 
conducting electricity and so forming what is 
known as a Mott insulator. Doping Mott insu- 
lators with atoms that have additional charge 
carriers often leads to exotic phenomena such 
as high-temperature superconductivity. 

How does the electronic structure ofa cuprate 
change in the transition from a Mott insulator 
to a high-temperature superconductor? To 
answer this question experimentally requires 
the application of spectroscopic techniques 
that probe real space and momentum space 
simultaneously. Various techniques have been 
applied to cuprates, including angle-resolved 
photoemission spectroscopy (ARPES, which 
detects electrons emitted from materials that are 
irradiated with light) and scanning tunnelling 
microscopy/spectroscopy (STM/STS, which 
detects electrons that hop between the surface 
ofa material and a sharp, electrically conducting 
probe). But ARPES can detect only momentum 
space, and STM/STS can detect only real space. 
At least, that was the case until now. 

Kohsaka et al.” have used STM/STS to probe 
both real space and momentum space. In the 
presence of imperfections in materials, electrons 
(as defined in momentum space) scatter and 
interfere. As a result, standing waves of elec- 
tron density are generated in real space that can 
be observed with STM/STS. The wavevectors 
of the standing waves can be precisely 
determined by Fourier analysis, thus providing 
a measure of the electronic structure in momen- 
tum space. Because of the unconventional 
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Figure 1 | Duality of electronic states in cuprates. a, The electronic states of a superconductor in 
momentum space are plotted here in two dimensions. The black curves denote the Fermi surface. 
Charges can participate in superconductivity only if they are located on regions of the Fermi surface 
that lie within the white zone. The yellow areas correspond to the region of momentum space in which 
the electrons adopt a pseudo-gap state. The blue line separating the superconducting and pseudo-gap 
regions is the extinction line. Kohsaka et al.’ find that in a cuprate superconductor, this line does not 
vary with charge-carrier density. b, c, Assuming that the atoms of the superconductor are arranged in 
a grid (b), then a criss-cross pattern of electron states in real space (¢, indicated by blue atoms) might 
explain the shape of the extinction line in momentum space. d-f, For the pseudo-gap state of their 
cuprate, Kohsaka et al. surprisingly observe a different pattern of electron density in real space — 

a mixture of horizontal and vertical domains. These might be explained by the electron periodicities 
shown in e and f (indicated by the green and red atoms) . But why these should be so different from 


the arrangement shown in € is a mystery. 
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Figure 1| Modelling dynamic systems. In 
systems such as electronic circuits, the input 
signals are transformed in a defined manner to 
produce the output. The output of the system 

in response to a sinusoidal input signal can be 
analysed with well-developed mathematical 
methods to produce a model of how the system 
works. The frequency dependence of two aspects 
of the output, namely the amplitude and the 
phase shift between the output and the input, is 
especially informative. This approach has now 
been used to model the biological pathways 
involved in the response of the yeast S. cerevisiae 
to glucose levels’ or osmotic strength’ in the 
surrounding medium. 


their findings on the amplitude and phase 
responses of the yeast Saccharomyces cerevisiae 
to periodic changes in the osmotic strength of 
the surrounding medium. Using system-iden- 
tification strategies borrowed from electrical 
engineers, they built an abstract model of the 
osmotic stress response from their data. They 
then compared this model with what was 
known about the molecular components of the 
response. This allowed them to reveal the role 
of different negative feedback loops in control- 
ling the timescale of the process. 

When starved of its favoured nutrient, 
glucose, S. cerevisiae can exploit an alternative 
sugar, galactose. In a study complementary to 
that of Mettetal and colleagues, Bennett et al. 
(page 1119, this issue) have probed how the 
transcriptional regulation of the yeast’s galac- 
tose-utilization genes responds to oscillations 
in glucose levels. These genes are induced by 
the presence of galactose, provided that glucose 
is not present. 

Bennett et al. used microfluidics to produce 
a chamber that provides a controlled flow of 
growth medium to yeast cells. They then added 
glucose to the flow so that the glucose levels in 
the chamber varied sinusoidally. By studying 
cells that had been engineered to co-express 
a fluorescent reporter protein with one of the 
yeast's galactose-utilizing enzymes, the authors 
could quantify the cells’ response to galactose. 
Using the microfluidics set-up, they were 
therefore able to measure the transcriptional 
response of galactose-utilizing genes to oscil- 
lations of glucose concentration at different 
frequencies. They found that the yeast reacts 
strongly to slow oscillations in glucose levels, 
but weakly to fast oscillations. The galactose- 
response pathway therefore seems to be a 
low-pass filter, in which cells react to long-term 
changes in nutrient conditions but ignore fast 
fluctuations. 

The gene-regulatory response of yeast to 


galactose has been extensively studied, which 
allowed Bennett et al.” to use their results to 
make detailed, quantitative models of the bio- 
logical pathway involved in the process. But 
their first model could not reproduce the scale 
of the difference between the low-frequency 
and high-frequency responses. The authors 
therefore proposed that a previously unsus- 
pected mechanism, not included within their 
model, must also be involved. 

Because the decay rate of messenger RNA 
in the pathway determines the duration of a 
crucial part of the model, and because glu- 
cose is known to affect the stability of some 
mRNAs, the authors hypothesized that regu- 
lation of mRNA stability by glucose could be 
the missing element of their model. They con- 
firmed this experimentally, by showing that the 
mRNAs of critical galactose-response genes 
are destabilized by the presence of glucose. 
Bennett and colleagues’ systems-identification 
strategy for studying the galactose-utilization 
pathway in yeast has thus led to the discovery 
of a previously unknown level of regulation 
in this well-studied process. Furthermore, 
the authors have linked the new regulation 
mechanism to a possible physiological func- 
tion, namely responding to long-term changes 
in nutrients but not to faster fluctuations. 

The authors next tested the response of a 
different strain of yeast — one that has a defect 
in its galactose-utilization pathway — to oscil- 
lations in glucose levels. This strain requires 
much higher levels of galactose than normal 
strains for steady-state activation of the rele- 
vant genes. They found that the defect affected 
only the phase component of the response to 
glucose oscillations. In other words, this strain 
was just as good as the normal strain at dis- 
tinguishing different oscillation frequencies. 
Both strains are therefore capable of ignoring 
fast fluctuations in nutrients, but the mutant 
strain takes longer to respond to slow per- 
turbations. Although otherwise accurate, 
Bennett and colleagues’ simulations’ of the 
defective yeast’s response failed to predict that 
it would be slower to react than the normal 
strain. This might point to yet more unappre- 
ciated mechanistic nuances in the galactose- 
utilization pathway. 

The experimental combination of micro- 
fluidic signal control with fluorescent output 
is powerful: any diffusible signal could, in 
principle, provide a variable stimulus, and 
fluorescent reporter proteins are a mainstay 
of modern transcriptional regulation studies. 
Frequency-response measurements of this 
sort will therefore be possible in many differ- 
ent biological systems. Of course, it might be 
that the systems-determination strategy will 
have limited use for interpreting the results, 
especially for noisy biological responses. But 
it should at least provide a starting point for 
unravelling pathways. More generally, these 
two papers~’ emphasize that the way we choose 
to perturb biological systems determines what 
aspects of those systems can be observed. 
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50 YEARS AGO 

Bradenham Manor, the property 
of the National Trust, has been 
leased to the British Tabulating 
Machine Co., Ltd., for use as a 
Hollerith Computer Training 
Centre... [T]he Centre was 
opened by Lord Halsbury... 
who said that the old idea that a 
trainee learnt his job by copying 
what his predecessor could be 
seen to be doing has no room in 
the field of computer training. 
Training on modern, almost 


academic, lines is what is required 
... Some 3,000 people per annum 


undergo training in the use and 
applications of mechanized 
accounting equipment at the 
five educational and training 
establishments maintained by 
the British Tabulating Machine 
Company's resources. 

From Nature 30 August 1958. 


100 YEARS AGO 

A discussion will take place 

in Section D of the British 
Association on the abuses 
resulting from the strict 
application of the rule of priority 
in zoological nomenclature 

and on the means of protecting 
well-established names. Much 
inconvenience is caused by the 
extreme application of the rule... 
the worst feature of which is 

... the transfer of names from 
one to another, as we have seen 
in the case of Astacus, Torpedo, 
Holothuria, Simia, Cynocephalus 
... Many zoologists think it is 
time to protest against the evil 
resulting from the indiscriminate 
application of what would be an 
excellent rule if tempered by a 
little consideration for tradition. 
ALSO: 

According to a Times 
correspondent, Dr. Lee De 
Forest expects that within two 
years Paris and New York will 
be in direct wireless telephonic 
communication. An apparatus 
which may ultimately transmit 
and receive messages to and 
from the Eiffel Tower is to be 
installed upon the 700-feet 
tower of the Metropolitan Life 
Insurance Company of New 
York. 

From Nature 27 August 1908. 
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Technologies that permit a broader range of 
perturbations to be made should be welcomed, 
because they enable new aspects of even well- 
studied processes to be explored. a 
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CONDENSED-MATTER PHYSICS 


Dual realities in superconductors 


Tetsuo Hanaguri 


In some copper oxides, superconductivity emerges when fixed electrons 
become mobile. A microscopy technique reveals that this process is 
associated with the transfer of electrons between real and abstract spaces. 


Superconductivity is a dramatic phenomenon 
in which a material loses all resistance to 
electric currents. Although the concept is 
simple, the electronic states that underlie 
superconductivity are complex, and provide a 
rich area for research. This is especially true for 
high-temperature superconductors based on 
copper oxide (cuprates), for which mechanisms 
of superconductivity remain hotly debated 
some two decades after their discovery. 

The properties of cuprates are mainly 
governed by the density of mobile charge- 
carrying species (such as electrons). This den- 
sity can be controlled by ‘doping’ the mate- 
rial with small quantities of foreign atoms. 
As the number of carriers is reduced, the 
superconductivity of the material gradually 
diminishes, and a strange and poorly 
understood electronic state — the pseudo-gap 
state’ — develops. On page 1072 of this issue, 
Kohsaka et al.’ report a startling discovery in 
the nature of the electronic states that underlie 
this process. They find that, as carrier density 
decreases, the delocalized electrons responsible 
for superconductivity are progressively replaced 
by localized electronic entities, which form the 
structure of the pseudo-gap phase. 

Conventional metals have many conducting 
electrons, which are best thought of as being 
spread throughout the material in waves. For 
all practical purposes, these waves do not inter- 
act with one another, which means that the 
quantum state of the electrons can be classified 
using a property (known as a wavevector) that 
is proportional to the electron’s momentum. 
Electrons prefer to occupy low-energy states, 
but Pauli’s exclusion principle allows only one 
electron to occupy any of the quantum energy 
states available in the metal. As a result, the 
lowest energy states are filled up to a charac- 
teristic energy level, so that every electron has 
its own definite momentum. The boundary 
between occupied and unoccupied states in the 
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abstract space of momentums defines what is 
called the Fermi surface. 

But in some materials, the approxima- 
tion that electrons do not interact with one 
another breaks down. This leads to many 
interesting phenomena, none of which can be 
anticipated from the properties of individual 
electrons. Superconductivity is one of these 
emergent phenomena, and involves pairs 
of electrons bound together by an attractive 
interaction. When a sufficiently large number 
of these ‘Cooper pairs’ condense into a single 
quantum state, superconductivity occurs. In 
conventional superconductors, Cooper pairs 
consist of two electrons travelling in opposite 
directions at the Fermi surface. Superconduc- 
tivity is therefore a phenomenon that is best 
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understood in the world of momentum space. 

In some transition-metal compounds, 
including cuprates, repulsive Coulomb 
interactions between the negative charges 
on electrons also have a role. In undoped 
compounds, Coulomb interactions are strong 
enough to localize an electron at each atomic 
site in real space, preventing the material from 
conducting electricity and so forming what is 
known as a Mott insulator. Doping Mott insu- 
lators with atoms that have additional charge 
carriers often leads to exotic phenomena such 
as high-temperature superconductivity. 

How does the electronic structure ofa cuprate 
change in the transition from a Mott insulator 
to a high-temperature superconductor? To 
answer this question experimentally requires 
the application of spectroscopic techniques 
that probe real space and momentum space 
simultaneously. Various techniques have been 
applied to cuprates, including angle-resolved 
photoemission spectroscopy (ARPES, which 
detects electrons emitted from materials that are 
irradiated with light) and scanning tunnelling 
microscopy/spectroscopy (STM/STS, which 
detects electrons that hop between the surface 
ofa material and a sharp, electrically conducting 
probe). But ARPES can detect only momentum 
space, and STM/STS can detect only real space. 
At least, that was the case until now. 

Kohsaka et al.” have used STM/STS to probe 
both real space and momentum space. In the 
presence of imperfections in materials, electrons 
(as defined in momentum space) scatter and 
interfere. As a result, standing waves of elec- 
tron density are generated in real space that can 
be observed with STM/STS. The wavevectors 
of the standing waves can be precisely 
determined by Fourier analysis, thus providing 
a measure of the electronic structure in momen- 
tum space. Because of the unconventional 
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Figure 1 | Duality of electronic states in cuprates. a, The electronic states of a superconductor in 
momentum space are plotted here in two dimensions. The black curves denote the Fermi surface. 
Charges can participate in superconductivity only if they are located on regions of the Fermi surface 
that lie within the white zone. The yellow areas correspond to the region of momentum space in which 
the electrons adopt a pseudo-gap state. The blue line separating the superconducting and pseudo-gap 
regions is the extinction line. Kohsaka et al.’ find that in a cuprate superconductor, this line does not 
vary with charge-carrier density. b, c, Assuming that the atoms of the superconductor are arranged in 
a grid (b), then a criss-cross pattern of electron states in real space (¢, indicated by blue atoms) might 
explain the shape of the extinction line in momentum space. d-f, For the pseudo-gap state of their 
cuprate, Kohsaka et al. surprisingly observe a different pattern of electron density in real space — 

a mixture of horizontal and vertical domains. These might be explained by the electron periodicities 
shown in e and f (indicated by the green and red atoms) . But why these should be so different from 


the arrangement shown in € is a mystery. 
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DEVELOPMENTAL GENETICS 


Asex-specific switch 


Those who are intimate with the 
fruitfly Drosophila melanogaster 
will recognize this fine specimen 
as amale. Most notably, the last 
two of its abdominal segments 
are pigmented. The equivalent 
segments in the posterior 
abdomen of females lack pigment, 
and sexual dimorphism of this and 
many other forms is responsible 
for all sorts of male-female 
behavioural differences in all sorts 
of organisms — vertebrate and 
invertebrate. Thomas Williams 
and colleagues have dissected 
this instance of fruitfly sexual 
dimorphism in molecular detail 

to reveal the genetic switch 
concerned (T. M. Williams et al. 
Cell 134, 610-623; 2008). 

The pigmentation is regulated 
by the tandem duplicate bab 
genes, whose protein products 
repress the enzyme system that 
produces pigment. The authors’ 
investigations centred on their 
discovery of two cis-regulatory 
elements that respectively control 
bab expression in the anterior 
and posterior segments, these 
elements being themselves 


binding sites for transcription 
factors. One of the transcription 
factors is ABD-B, amember of the 
famed HOX family; two others are 
forms of the Doublesex protein, 
one specific for males, the other for 
females. 

The sex-specific differences 
in the posterior segments arise 
from different control of the cis- 
regulatory element. In females, a 
combination of the transcription 
factors ABD-B and the female- 
specific form of Doublesex 
activates bab expression (and 
so prevents pigmentation). In 
males, the male-specific form of 
Doublesex overrides the activating 
effect of ABD-B: bab is repressed, 
so unleashing the enzyme system 
that pigments the final two male 
segments. 

The most intricate part of the 
authors’ work, however, comes in 
their studies of the evolution of this 
switch. From comparisons with 
transcription-factor binding sites 
on the equivalent cis-regulatory 
element of another species of 
Drosophila, D. willistoni, they aimed 
to identify the molecular changes 


that occurred in the lineage of 
D. melanogaster arising froma 
putative monomorphic common 
ancestor. The authors’ conclusion 
is that rather than a wholesale gain 
of ABD-B or Doublesex binding 
sites, the advent of male 
pigmentation was due to a suite of 
fine-scale changes in the number, 
polarity and topology of sites. 
Williams et al. don't go into 
the possible evolutionary and 
ecological factors that drove the 
production of male pigmentation. 


NEWS & VIEWS 


Instead, they end with the thought 
that, in evolutionary history, some 
of the main differences in the body 
plans of arthropods, like Drosophila, 
and vertebrates have arisen from 
alterations in the pattern of gene 
expression along the principal 
body axis. Their work, they say, 
shows a general way in which such 
expression patterns could evolve 
through the accumulation of many 
fine-scale alterations to a gene's 
cis-regulatory elements. 

Tim Lincoln 


nature of electron pairing in cuprates, the 
binding energy of the Cooper pair is highly 
anisotropic, and vanishes in certain direc- 
tions (known as nodal directions) in momen- 
tum space. The wave-properties of electrons 
excited from such a nodal, superconducting 
state produce unique scattering interference 
patterns’ *. Electronic standing waves in real 
space are therefore a good probe of supercon- 
ductivity in momentum space. 

Kohsaka et al.” performed Fourier-transform 
STM/STS on crystals of the cuprate super- 
conductor Bi,Sr,CaCu,O,,5. They observed 
standing waves associated with the nodal 
superconductivity for low-energy electrons, 
but these diminished for electrons that had 
energy greater than a certain ‘extinctior 
value. By analysing these data, the authors 
identified the segment of the Fermi surface 
that supports superconductivity. Their meas- 
urements on a selection of cuprate crystals that 
have different carrier densities showed that 
the extinction energy is only weakly depend- 
ent on the density of carriers, but that the 
superconducting segment of the Fermi surface 
shrinks with decreasing carrier density. 

Each superconducting segment terminates 
near a specific line in momentum space: the 
extinction line. Boundaries in momentum 
space are often associated with periodicities 
in real space. For example, the periodicity of 
acrystal’s atomic lattice produces boundaries 


in momentum space that partition that space 
into small regions, known as Brillouin zones 
(Fig. 1). The extinction line of Bi,Sr,CaCu,O,,5 
forms a diamond shape that connects the 
midpoints of the Brillouin zone boundaries. 

Using the real-world imaging capabilities 
of STM/STS, Kohsaka et al. observed ‘glassy’ 
electronic domains at higher electron energies, 
beyond the extinction line. These domains 
locally break the symmetry of the underlying 
atomic lattice (Fig. 1d) and had previously 
been discovered by the same group in similar, 
lower-resolution measurements’. But in their 
latest experiments’, the researchers were able 
to sufficiently resolve the energy of the elec- 
trons to show that these glassy domains are 
most prominent at the characteristic energy of 
the pseudo-gap state. The electronic state of 
cuprates is thus duplicitous: it adopts either a 
low-energy superconducting state supported 
by a segment of the Fermi surface, or a high- 
energy pseudo-gap state, characterized by 
unusual real-space structures. 

The observations of Kohsaka et al. provide 
definitive proof of the intricate relationship 
between real and momentum spaces in 
cuprates, and suggest several exciting direc- 
tions for future research. For starters, the 
cause of the diagonal extinction line needs to 
be studied in more detail. As the real-space 
domains observed at the pseudo-gap energy 
break the symmetry of the underlying atomic 
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lattices and have a characteristic width’, the 
appearance of an associated new boundary 
in momentum space is not strange in itself. 
But the direction of the boundary associated 
with the observed real-space structure in the 
pseudo-gap state differs markedly from that 
of the measured extinction line, which defines 
the superconducting segment in momentum 
space (Fig. 1). This might have profound 
implications for the nature of the pseudo- 
gap and, by extension, for the mechanism of 
superconductivity in cuprates. 

The effects of a wider range of dopings 
also remain to be explored — for example, 
those that bridge the pseudo-gap and Mott 
insulator states. And it will be necessary to 
repeat direct momentum-space measurements 
using ARPES. These should not only reinforce 
the current data, but will also make clear the 
differences and similarities between ARPES 
and the emerging technique of Fourier- 
transform STM/STS. a 
Tetsuo Hanaguri is in the Magnetic Materials 
Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 
351-0198, Japan. 
e-mail: hanaguri@riken.jp 
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those that bridge the pseudo-gap and Mott 
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Puzzles, promises and a cure for ageing 


Jan Vijg'+ & Judith Campisi’” 


Recent discoveries in the science of ageing indicate that lifespan in model organisms such as yeast, nematodes, flies and mice 
is plastic and can be manipulated by genetic, nutritional or pharmacological intervention. A better understanding of the 
targets of such interventions, as well as the proximate causes of ageing-related degeneration and disease, is essential before 
we can evaluate if abrogation of human senescence is a realistic prospect. 


he inevitability of ageing and death has preoccupied human- 

ity for more than 5,000 years. In the epic named after him, 

Gilgamesh, the Sumerian king of Uruk, seeks to escape 

death, but ultimately concludes this is futile and turns to 
lasting works of culture to achieve immortality. Nowadays, 
disease—not death and the opposite, eternal life—preoccupies most 
biomedical scientists. Nevertheless, advances in understanding basic 
ageing mechanisms have made it difficult to ignore the issue of 
whether biomedical interventions to postpone ageing substantially 
are scientifically plausible. The overarching question is not whether 
mean human lifespan will increase modestly over the next decades. It 
almost certainly will, assuming continued success in reducing old-age 
morbidity and mortality’. Rather, the issue is whether postponing 
human ageing and natural death for many decades, possibly indefi- 
nitely, is feasible. Here, we discuss what we do and do not know about 
the mechanisms of ageing, and whether we have sufficient knowledge 
to foresee substantially retarding, halting or even reversing the degen- 
eration and disease that limit human lifespan. 


Lifespan is plastic 
Ageing research has suffered more than disease-oriented research 
from unsubstantiated claims of potential cures. The field is also rife 
with opposing claims—that human life cannot be extended beyond a 
soft limit (120-125 years). For example, predictions in 1990 claimed 
that declines in death rates would not reach levels required for life 
expectancy at birth to exceed 85 years (ref. 2). However, Japanese 
females have already surpassed this limit (http://miranda.sourceoecd. 
org/vl=2231472/cl=20/nw= 1/rpsv/health2007/g2-1-02.htm), and 
life expectancy in developed countries is now predicted to exceed 
85 years by the year 2050 (ref. 1). A question remains as to whether 
science can free us from the bonds that seem to fix our lifespan. 
With the discovery in the 1980s that mutations in single genes can 
significantly extend lifespan in the nematode Caenorhabditis 
elegans**, ageing began to be viewed as malleable by methods used 
to understand and manipulate development and disease. At present, 
hundreds of mutant genes can increase longevity in model organ- 
isms, including nematodes, yeast (Saccharomyces cerevisiae), fruitflies 
(Drosophila melanogaster) and mice (Mus musculus). Most act in 
evolutionarily conserved pathways that regulate growth, energy 
metabolism, nutrition sensing and/or reproduction’. Examples 
include genes encoding components of the insulin/insulin-like 
growth factor 1 (IGF-I) signalling (IIS) pathway, the target of rapa- 
mycin (TOR) pathway, and the mitochondrial electron transport 
chain (Fig. 1). In most cases, lifespan extension occurs when activity 
of the component is diminished. This abatement is thought to reduce 


somatic damage and/or increase somatic maintenance and repair°. 
Most pro-longevity mutations are discovered by mutagen or RNA 
interference screens, which mainly uncover inactivated or dimin- 
ished gene functions, so further longevity mutations, resulting from 
enhanced gene function, may yet be discovered. 

Many pro-longevity mutations mimic dietary restriction—under- 
feeding without malnutrition—which was shown to extend lifespan 
in laboratory rodents almost a century ago®°. Dietary restriction 
increases longevity in many species, including yeast, nematodes, 
spiders and dogs. Although dietary restriction phenotypes often 
overlap with those conferred by dampening pro-ageing pathways, 
in some cases dietary restriction synergizes with pro-longevity muta- 
tions, indicating that dietary restriction can act independently’. 

The appreciation that lifespan is plastic and under negative influ- 
ence by genes that favour growth or procreation fuels hopes of find- 
ing small molecules that target the pathways affected by dietary 
restriction or pro-longevity mutations®°. Compounds have been 
identified that show promise in this regard (Box 1), although none 
has yet shown major effects on lifespan in healthy mice’®. Most, 
however, are in clinical trials to treat ageing-related diseases, such 
as diabetes and cancer, and already had the attention of the phar- 
maceutical industry. Of note, the US Food and Drug Administration 
will not approve agents that merely impede ageing. Nevertheless, it is 
remarkable that barely two decades ago human lifespan extension 
was a fantasy, whereas now pharmacological strategies are being 
considered for exactly that purpose. For some, the discovery that 
mutations in evolutionarily conserved pathways can greatly extend 
lifespan in model organisms is a step towards curing ageing in 
humans. As we argue, this viewpoint may be premature. 


Diminishing returns of complexity and idiosyncratic models 
There is ample evidence that much of basic biology is similar across 
species as divergent as yeast and humans". This is also true for ageing. 
Studies of yeast, nematodes and flies undoubtedly illuminate our 
understanding of the evolutionary and mechanistic bases of human 
ageing. Still, the response of simple organisms to interventions might 
not be predictive when complexity increases, or when physiology 
deviates significantly from humans. 

The impact of complexity is illustrated by the HS pathway. 
Invertebrates have a single receptor that binds ligands similar to insulin 
or IGF-1. Mutations that partially blunt signalling from this receptor 
extend lifespan in nematodes and flies’. However, mammals have 
distinct receptors for insulin and IGF-1, with different but overlapping 
functions. IGF-I primarily controls growth, whereas insulin regulates 
metabolism. In mammals, defective insulin signalling causes insulin 
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Figure 1| Potentially conserved pro-ageing pathways, their 
interconnections and possible targets for intervention. In this very 
simplified depiction, three main pathways, the IIS, TOR and mitochondrial 
pathway, are indicated. The pro-ageing activities of these pathways are 
conserved across species, with energy sensors, such as AMPK, as potentially 
important hubs in the complex networks that integrate them. However, it is 
important to note potential dissimilarities among species as well. Most, if not 
all, defects in the mitochondrial respiratory chain are lethal or cause disease 
in humans”, but can increase lifespan in nematodes or yeast. In mammals, 
mitochondria play an important part in signalling apoptosis, which can 
either drive or retard ageing, depending on the cell type. There is evidence 
that many longevity signals converge on members of the FOXO and sirtuin 


resistance and diabetes. Defective IGF-I signalling causes protein 
breakdown and muscle degeneration. Indeed, IGF-I overexpression 
reduces ageing-associated cardiac dysfunction’ and improves muscle 
regeneration’*. Nonetheless, reduced insulin signalling specifically in 
adipose tissue, or reduced IGF-I signalling throughout the animal, 
modestly extends lifespan in mice'*!”. So, tissue-specific modulation 
of particular signalling pathways might retard ageing in humans. 

The impact of complexity is also illustrated by interactions of two 
longevity-modulating protein families: forkhead (FOXO) transcrip- 
tion factors and silent information regulator (SIR) protein deacety- 
lases (sirtuins). FOXO proteins (DAF-16 in nematodes) are required 
for the lifespan extension conferred by IIS mutations, and overex- 
pression of SIR2 orthologues increases lifespan in yeast, nematodes 
and flies. Mammals have multiple FOXO and SIR proteins. Some 
FOXO proteins initiate stress-induced cell death (apoptosis), which 
eliminates damaged or dysfunctional cells. FOXO proteins also upre- 
gulate antioxidant defence and DNA repair-facilitating genes'®. 
FOXO is deacetylated by the human SIR2 orthologue SIRT1, which 
increases FOXO-dependent resistance to oxidative stress and cell- 
cycle arrest, but inhibits FOXO-dependent apoptosis’’. SIRT1 also 
deacetylates the p53 tumour suppressor protein, attenuating its tran- 
scriptional activity and suppressing stress-induced apoptosis and 
cellular senescence (irreversible cell cycle arrest)'* 

A priori, it is difficult to predict whether increased FOXO or 
sirtuin activity should increase or decrease mammalian longevity. 
Mammals rely on apoptosis and senescence to suppress cancer”’, 
which is a major age-related disease and challenge to the longevity 
of mammals. This is not the case for yeast, flies and nematodes, which 
do not or rarely develop cancer because they are unicellular or as 
adults they contain largely post-mitotic somatic cells. 


1066 


protein families, which can interact. Note that SIR proteins can both activate 
and repress FOXO. Moreover, the effects of FOXO and SIR2 in cells can be 
either beneficial (for example, increasing antioxidant defence) or 
detrimental (for example, apoptosis), and may or may not promote 
organismal survival. For example, in mammals, SIRT1 dampens apoptosis 
by repressing FOXO, but also by repressing BAX activation, thereby 
preventing its oligomerization into the mitochondria outer membrane 
(cross), which normally triggers permeabilization of the membrane and 
release of soluble apoptogenic factors, such as cytochrome ¢, into the cytosol. 
Apoptosis can be beneficial, for example, by eliminating damaged cells and 
preventing cancer, or can be detrimental, by eliminating irreplaceable cells, 
such as neurons. 


The magnitude of longevity extensions is worth noting. Genetic 
dampening of IIS routinely increases lifespan in nematodes twofold’, 
and one mutation increases lifespan tenfold”’. In flies, however, 
single-gene mutations in the HS or other pro-ageing pathways 
generally extend lifespan by only 25%-30%”'. In mice, inactivating 
mutations in the Poulfl, Prop1, or growth hormone receptor genes 
(which reduce IGF-I signals) increase lifespan by 40%”, whereas 
mutations that directly affect IIS extend lifespan by 20% or less'*">. 

Thus, reduced IIS can substantially increase lifespan in nematodes, 
but much less so in the more complex fly and mouse. We know very 
little about mechanisms responsible for these species-specific differ- 
ences. Within a species, genetic background, environment and sex 
differences matter. For example, lifespan extension in the IIS mutant 
fly chico depends on food concentration’’. In transgenic flies over- 
expressing human superoxide dismutase in motor neurons, longevity 
benefits varied considerably among ten wild-derived genotypes, as 
well as by sex”. 

Although it is possible that we have not yet defined optimal 
conditions for downregulating conserved ageing pathways in 
organisms more complex than nematodes, other characteristics set 
nematodes apart. First, many of the initial longevity mutations iden- 
tified in nematodes affect an alternative developmental stage termed 
dauer, which suspends reproduction and alters metabolism. 
Hibernation, which temporarily suspends mammalian metabolism 
and reproduction, never lasts longer than the lifespan, in contrast to 
the dauer state in nematodes. Second, aerobic respiration is less 
critical for nematodes than for flies and mammals. This may explain 
why RNA interference screens for increased lifespan in nematodes 
identified multiple genes encoding mitochondrial respiratory chain 
subunits”. Downregulating these genes may increase lifespan by 
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Box 1| Strategies to counter intrinsic ageing 


Evidence is emerging that identified pro-ageing pathways can be 
manipulated to extend lifespan by pharmacological means, although 
the mechanism by which such interventions act is not always clear. 
Small polyphenolics such as resveratrol and fisiten increase SIR2 
deacetylase activity in vitro, and increase lifespan in a Sir2-dependent 
manner in yeast, C. elegans and Drosophila’. However, resveratrol may 
also be an antioxidant and suppress oxidative damage. Resveratrol 
increases insulin sensitivity and the survival of mice fed a high caloric 
diet®*. The antifungal antibiotic rapamycin inhibits the pro-ageing TOR 
pathway in yeast and human cells. It is not known if TOR inhibition 
extends lifespan in mammals, but mechanistic overlap with metformin, 
an antidiabetic drug, suggests that it might. Metformin increases 
insulin sensitivity by reducing blood glucose, and might increase 
lifespan by activating AMPK, thereby inhibiting the TOR pathway and 
IGF-1 signalling®°. Glucose metabolism is a principal target of pro- 
longevity interventions, on the basis of the evidence that inhibiting 
energy pathways might mimic dietary restriction or dampen IIS. An 
example is 2-deoxy-D-glucose (2DG), which produces beneficial 
effects reminiscent of dietary restriction®. It is not yet known if 2DG 
increases lifespan, but it is at present in phase 1 clinical trial to treat 
solid tumours, which depend on glycolysis for survival and are sensitive 
to 2DG. 

Natural antioxidants, such as vitamins C and E and B-carotene, have 
been extensively tested for their potential to extend lifespan in mice, 
but with no significant effects®®. In humans, high dietary antioxidant 
intake correlates with decreased disease risk, but clinical trials of 
vitamin E and B-carotene supplementation failed to improve disease 
outcome?®’. Synthetic ROS scavengers have been tested in C. 
elegans®*? and mice”®, with conflicting results. 

Free radical spin traps, such as phenyl tert-butyl-nitrone (PBN), block 
or reverse damage associated with a variety of disease states in animal 
models’. Thus far, however, a PBN derivative has not shown promise 
for extending longevity in mice’. 

Certain AGE crosslinks can be cleaved by chemical agents. At present, 
known crosslink breakers (for example, the thiazolium halide 
alagebrium) are only partially effective because they break only a small 
subset of crosslinked structures’. Nonetheless, alagebrium alleviated 
cardiovascular stiffening in monkeys” and is at present in advanced 
testing in humans, primarily for cardiovascular and diabetes- 
associated renal disease. 

Rapid advances in stem cell research makes cell replacement therapy a 
promising approach to regenerate intrinsically aged, functionally 
declining tissues. Because endogenous stem cells show functional 
declines with age, a logical option is to differentiate pluripotent cells— 
obtained from embryos or generated by reprogramming of somatic 
cells—into specialized cells ex vivo. Before this approach becomes a 
realistic option, we must understand much more about how adult stem 
cells contribute to tissue maintenance during ageing, how ageing alters 
the stem cell microenvironment or niche, and how well the capacity of 
stem cells to regenerate functional tissues is maintained during 
differentiation and expansion in culture”. 


reducing mitochondrial function and its toxic by-products. In mam- 
mals, similar downregulation might be lethal or cause serious disease. 


Translation to humans 


Although disrupting conserved pro-ageing pathways identified in 
model organisms seems a realistic starting point for human lifespan 
extension, we first must determine whether these pathways modulate 
ageing in our own species. An initial approach is to identify associa- 
tions between polymorphisms in or around conserved genes and 
human longevity. Extreme human longevity is genetically controlled, 
as indicated by the higher chance of siblings of centenarians to sur- 
vive more than 100 years and moderate familial clustering of extreme 
longevity”’. Thus far, however, linkage analyses are inconclusive, 
possibly because studies were underpowered or because of admixture 
in control populations”. 

Attempts to associate candidate genes with extreme human lon- 
gevity have mainly identified variants in lipoprotein metabolism 
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genes as overrepresented in centenarians”. Furthermore, variants 
in FOXOI1 and FOXO3 genes segregated with survival to age 85 
and older”, and, in females, gene variants that reduce insulin/IGF-I 
signalling are associated with long survival’®. Recently, heterozygous 
mutations in the IGF-IR, which markedly reduced IGF-IR activity, 
were found overrepresented in centenarians”. 

Although these results are promising, more research is needed to 
confirm that humans and model organisms use similar longevity- 
modulating pathways. Even if these pathways are conserved in Homo 
sapiens, their natural variation evidently does not extend lifespan as 
much as laboratory-generated mutations in model organisms, not- 
ably nematodes. It is possible that organismal complexity will limit 
how much lifespan extension can be achieved by manipulating meta- 
bolic pathways; or there could be other layers of control or pathways 
that are yet to be discovered in complex animals. In predicting life- 
span extension in humans, it is important to remember that these are 
crucial questions and their answers are unknown. 

Life extension in model organisms may be an artefact to some 
extent. None of the laboratory animals considered ‘wild type’ has 
the genetic diversity of true wild strains, nor is the laboratory a 
natural habitat. For example, dietary restriction does not substan- 
tially increase longevity in some wild mice. Thus, laboratory breeding 
might select for a robust dietary restriction response**. Two longit- 
udinal dietary restriction studies in rhesus monkeys were initiated in 
the late 1980s. Interim results suggest that dietary restriction 
improves health (for example, less body fat, higher insulin sensitivity 
and favourable circulating lipids), but there is no evidence yet that 
dietary restriction increases lifespan to the extent that it does in 
laboratory rodents****. Moreover, in monkeys (and by extension, 
humans) some benefits of dietary restriction, such as low IGF-I levels, 
may decrease cancer risk, but also increase the risk of osteoporotic 
fractures”. Thus, it might be necessary to reduce IGF-I signalling 
during early adulthood to prevent cancer, but increase it at older ages 
to prevent non-cancerous diseases”®. 

Can we expect interventions that target the human IIS pathway, 
even with proper spatio-temporal regulation, to extend lifespan to 
the extent that they do in simple models? Among the pro-longevity 
effects of dampening IGF-I signalling is upregulated stress resistance. 
Notably, stress response is generally superior in cells from long-lived 
compared to short-lived species*’. In short-lived species, there is 
evidently sufficient opportunity for enhancing protective mechan- 
isms. However, in long-lived species, there may be fewer such oppor- 
tunities**. 

Furthermore, human physiology obviously differs from that of 
yeast, nematodes or flies. Perhaps less obvious are the differences 
between humans and mice. We should keep in mind that many 
anti-cancer therapies are successful in mice but fail in humans. 
Moreover, side or off-target effects of drugs that affect complex 
physiological pathways are already a problem. For example, choles- 
teryl ester transfer protein inhibitors, developed to increase high- 
density lipoprotein cholesterol, did not decrease but increased the 
risk of heart disease”. 

Before we can rationally evaluate the potential impact of interven- 
tions to increase human lifespan substantially, we will need to under- 
stand the primary causes of ageing, which leads to the important 
question of why and how we age. 


Evolutionary logic of ageing 


According to Dobzhansky”, “nothing in biology makes sense except 


in the light of evolution”; so it is in the biology of ageing. Most 
scientists now accept that ageing results from the greater weight 
placed by natural selection on early survival and reproduction than 
on vigour at later ages. This age-related decline in the force of natural 
selection, first articulated by Medawar*', is due to high mortality 
caused by extrinsic hazards in natural environments, resulting in a 
relative scarcity of older individuals. When these hazards make sur- 
vival to old age rare, natural selection favours gene variants that 
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promote early growth and reproduction. In less hazardous environ- 
ments, survival increases and gene variants that promote somatic 
maintenance can propagate. Hence, species-specific lifespan is deter- 
mined by a trade-off between somatic maintenance and early growth 
or reproduction (Fig. 2)**. For example, genes that ensure a powerful 
immune response to infection promote early life survival, but later 
contribute to inflammation, a major age-related phenotype and risk 
for developing many diseases”. 

Obviously, huge differences in longevity can arise as a result of 
evolution—consider the longevity difference between nematodes 
(weeks) and mammals (years), or even between mice (~3 yr) and 
humans (~ 100 yr). Were these differences achieved evolutionarily by 
discarding pro-ageing pathways, or by creating new longevity assur- 
ance pathways? The notable conservation among known longevity- 
modulating pathways, and similarities between organisms such as 
mice and humans in genomic structure and organization, argue 
against this possibility. Of course, unique non-conserved pathways 
may yet be discovered. It is more probable that significant longevity 
was achieved by subtle changes in many genes over the course of 
evolution, not by single mutations with large effects, which often 
increase lifespan at a cost to reproduction or survival under stress”. 
If so, interventions that target a single mammalian gene or even a 
single pathway may not increase longevity to the extent achieved by 
natural selection. This should not discourage the search for phar- 
macological interventions, but rather underscores how the shallow- 
ness of our knowledge about comparative evolutionary mechanisms 
can severely hamper efforts in this area. 

Despite a general consensus regarding the evolutionary basis of 
why we age, we still know little about the primary causes of ageing 
and its relation to disease, which is generally the cause of death. 


The ageing phenotype and the relationship to disease 


Emphasis on lifespan can distract from understanding ageing itself. 
In nematodes and flies, we know much about genes that determine 
lifespan, but little about how these animals die. This is due to the 
complexity of ageing phenotypes and our limited ability to define 
phenotype, in contrast to the relative ease of defining genotype. 

Table 1 lists some of the best-known ageing phenotypes in 
humans, which are increasingly evident in laboratory models as they 
are scrutinized. There are remarkable similarities among species, but 
there are also marked differences. For example, amyloid plaques in 
the brain and atherosclerotic plaques in blood vessels are hallmarks of 
human ageing, but are virtually lacking in mice. Even examination of 
shared phenotypes can uncover differences. For example, kyphosis 
(spinal curvature) is caused by osteoporosis in humans, but can have 
other causes, such as growth plate abnormalities, in mice. 
Importantly, ageing phenotypes—from hair greying to cancer sus- 
ceptibility—vary among individual humans, and among inbred 
mouse strains. 
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Figure 2 | Balancing somatic maintenance with growth and reproduction 
may determine lifespan. According to the ‘disposable soma theory’®’, 
organisms must compromise between energy allocation to growth and 


reproduction or somatic maintenance and repair. 
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A prominent age-related phenotype in humans and mice, absent in 
nematodes and flies, is cancer. Cancer arises from renewable somatic 
tissues, which are largely lacking in invertebrates. Cancer is some- 
times considered as the opposite of ageing because it entails more 
vigorous growth. Indeed, cellular senescence, the irreversible ces- 
sation of growth, was once considered a model for ageing in vivo, 
but is now known to be a stress and tumour suppressive response”. 
Senescent cells increase with age in mice, non-human primates and 
humans, but comprise only a fraction of cells in renewable tissues’. 
Cellular senescence may be another evolutionary trade-off, as it sup- 
presses cancer at early ages, but may promote ageing by exhausting 
stem cells or altering their niches. Senescent cells secrete inflammat- 
ory cytokines and other molecules that alter tissue microenviron- 
ments, and could stimulate the growth of cells that harbour 
preneoplastic mutations**. On the other hand, increased cellular sen- 
escence (and decreased proliferative potential) could also explain the 
decrease in cancer incidence rate at very old age, that is, after age 80 
(ref. 47). Hence, cellular senescence can act both as a carcinogen and 
as an anti-carcinogen. 

Little is known about ageing phenotypes and the causes of death in 
C. elegans. The nervous system is remarkably preserved, but ageing 
nematodes show slower movement, lower pharyngeal pumping rates 
(due to muscle deterioration resembling human sarcopenia) and 
increased lipofuscin**. Notably, there is extensive variability in age- 
related degeneration among genetically identical animals and cells of 
the same type within an individual’. This finding emphasizes the 
potentially important role of stochastic events in ageing, a point to 
which we will return. 

Also in Drosophila, little is known about ageing or the causes of 
death. Nonetheless, this organism is emerging as a powerful model 
for human age-related diseases, such as Parkinson’s disease’. Ageing 
flies also develop sarcopenia and accumulate lipofuscin, so these 
traits may be universal ageing phenotypes”. Flies also show signs 
of cognitive dysfunction (increased time to accomplish a task), shar- 
ing this phenotype with mice and humans (Table 1). 

Should we distinguish between ageing and disease? The answer to 
this question, which is still debated, depends on the disease and how 
its mechanism relates to ‘intrinsic ageing’; that is, ageing-related 
changes that are not determined primarily by external factors or 
genetic predisposition. Early-onset diseases, such as sickle cell anae- 
mia, caused by a heritable B-globin gene mutation, can result at 
young ages in vascular constriction and increased risk of infection, 
also common in older people. But because these phenotypes occur 
within the realm of natural selection, sickle cell anaemia is not an 
ageing-related disease as its causes have little to do with ageing. Sucha 
mechanistic distinction is much more difficult for late-onset diseases. 
Many would distinguish potentially fatal vascular degeneration from 
benign greying of hair. However, both phenotypes could have the 
same cause: intrinsic ageing. On the other hand, different mechan- 
isms might produce the same disease-related phenotype at old age. 
For example, intrinsic endothelial cell ageing might contribute to 
atherosclerosis, as do mutations or polymorphisms in genes encod- 
ing the low-density lipoprotein receptor or ApoB. Statins can lower 
cholesterol and suppress atherosclerosis in individuals with high-risk 
low-density lipoprotein receptor or ApoB alleles, but cannot prevent 
intrinsic endothelial cell ageing. 

Diseases are the main causes of death in elderly humans. 
Arteriosclerosis, diabetes, dementia, osteoporosis, osteoarthritis 
and cancer are particularly prominent pathologies, and some 
account for much of mortality at old age. Among the old who escape 
these diseases, the cause of death is often unknown. However, 
because interactions among ageing phenotypes are complex, natural 
death may ultimately be traced to disease, even if occult. For example, 
subtle tissue atrophies, neuropathies or microvascular leakage may 
underlie the deaths of old people subjected to stress. It is not clear 
whether successful intervention in overt disease will ameliorate 
intrinsic ageing, and thus significantly extend human lifespan. 
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Table 1| Conserved ageing phenotypes 
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Phenotype H. sapiens 
Decreased cardiac function Yes 
Apoptosis, senescence (somatic cells) Yes 
Cancer, hyperplasia Yes 
Genome instability Yes 
acromolecular aggregates Yes 
Reduced memory and learning Yes 
Decline in GH, DHEA, testosterone, IGF Yes 
ncrease in gonadotropins, insulin Yes 
Decreased thyroid function Yes 
Decrease in innate immunity Yes 
ncrease in inflammation Yes 
Skin/cuticle morphology changes Yes 
Decreased mitochondrial function Yes 
Sarcopenia Yes 
Osteoporosis Yes 
Abnormal sleep/rest patterns Yes 
Decrease in vision Yes 
Demyelination Yes 
Decreased fitness Yes 
Arteriosclerosis Yes 
Changes in fat* Yes 


M. musculus D. melanogaster C. elegans 
Yes Yes NA 
Yes Yes 2 
Yes No No 
Yes Yes Yes 
Yes Yes Yes 
Yes Yes NA 
Yes ? ? 
Yes ie @ 
Yes NA NA 
Yes Yes Yes 
Yes No No 
Yes ? Yes 
Yes Yes Yes 
Yes Yes Yes 
Yes NA NA 
Yes Yes 2 
Yes e NA 
Yes ? No 
Yes Yes Yes 
No NA NA 
Yes ? 2 


* Although changes in fat content and distribution have been reported for long-lived invertebrate mutants, at present there are no data on fat-related changes during normal ageing in these 


organisms. GH, growth hormone; DHEA, dehydroandrosterone; NA, not applicable. 


Ageing is influenced by genetic and environmental factors that 
may be unrelated to each other or to intrinsic ageing. Irrespective 
of possible intrinsic ageing mechanisms, alleles that promote ageing 
will penetrate the germ line as long as their adverse effects manifest 
late enough, creating a diversity of genetic risk factors. Even among 
inbred individuals, for example, monozygotic human twins, genetic 
diversity occurs in somatic cells by mutation and epimutation at very 
early ages’. Similarly, environmental or lifestyle factors (for 
example, sunlight or smoking) can accelerate intrinsic ageing in spe- 
cific tissues. It is conceivable that individuals of extreme longevity 
(that is, 100 years and older) are primarily those who managed to 
escape these genetic and environmental risks. This possibility is sup- 
ported by the decelerated mortality rate seen at old age in invertebrate 
and human populations, indicating the survival of increasingly less 
frail individuals*’. A question remains as to whether these survivors 
that escape the genetic and environmental risks that normally elim- 
inate individuals through disease succumb to intrinsic ageing. Is 
there really an intrinsic ageing mechanism(s) to which eventually 
every cell or tissue falls prey? If so, what is its basis? 


Intrinsic ageing 
Ageing entails numerous functional and structural changes, many, 
but not all of which, adversely affect survival. A universal process of 
‘intrinsic ageing’ might explain common ageing phenotypes among 
animals. One characteristic shared by all species studied thus far is the 
accumulation of unrepaired somatic damage. Thus, lifelong accu- 
mulation of various types of damage, along with random errors in 
bioinformational processes, might underlie intrinsic ageing (Fig. 3). 
As discussed, attenuation of such damage could explain the longevity 
conferred by mutations that dampen normal metabolic processes. 
Moreover, defence systems that keep damage in check might differ 
in efficacy among species, thereby dictating their lifespan’. 

Prominent causes of somatic damage include reactive oxygen spe- 
cies (ROS) and reducing sugars. ROS (by-products of respiration and 
other metabolic processes™) can damage and crosslink DNA, pro- 
teins and lipids. Reducing sugars react with carbohydrates and free 
amino groups, resulting in difficult-to-degrade advanced glycation 
end products (AGEs)**. AGEs accumulate in long-lived structural 
proteins, such as collagen and elastin. They increase the stiffness of 
blood vessels, joints and the bladder, and impair function in the 
kidney, heart, retina and other organs. 

Interventions that remove damage might successfully counter the 
adverse effects of ROS and AGEs, thereby postponing ageing indefi- 
nitely** (see Box 1). However, macromolecular damage comes in 


many forms and all key lesions may not have been identified. 
Moreover, we do not know their relative contributions to intrinsic 
ageing, or how various components of the damage spectrum interact. 

It might seem more efficacious to eliminate damaging molecules, 
rather than damage itself. However, some damaging molecules are 
crucial for normal cellular function. Two examples are glucose, 
which clearly cannot be eliminated, and ROS, which are also signal- 
ling molecules”. Trade-offs between beneficial and deleterious effects 
of damaging molecules will complicate strategies aimed at extending 
longevity by neutralizing them. 

A similar trade-off might be cellular processes that defend us 
against cancer. Tissue regeneration elevates cancer risk by increasing 
the chance of acquiring DNA mutations or epimutations, which 
occur frequently in every organism as a consequence of errors during 
the repair or replication of a damaged template. Tumour suppressor 
mechanisms either eliminate cells that acquired extensive damage 
(apoptosis) or permanently prevent their proliferation (senescence). 
These responses, however, may gradually cause tissue atrophy, and 
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Figure 3 | The causes of intrinsic ageing. Although ultimately stochastic in 
nature, the proximal causes of ageing involve both programmed and random 
mechanisms. 
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therefore loss of organ function and regenerative capacity (Fig. 3)”*. 
In principle, stem cell transplantation could counter the adverse 
effects of these damage responses. 

When damage levels are not high enough to elicit an apoptotic or 
senescence response, a potentially more serious situation ensues that 
is difficult to counter: the gradual accumulation of random changes 
in DNA or protein, turning tissues into cellular mosaics. Such stoch- 
astic changes can reset gene regulatory loops, and randomly alter 
gene expression patterns on a cell by cell basis’. These changes, 
in aggregate, might compromise tissue function, without eliciting 
immediate cellular responses (Fig. 3). Stochastic gene regulatory drift 
would be difficult to correct and could even occur in stem cells in vivo 
or ex vivo during expansion for transplantation therapy. 

Furthermore, developmental pathways that are essential for early 
life fitness or reproduction might be deleterious in adult tissues—for 
example, pathways that drive ductal morphogenesis in the devel- 
oping or pregnant mammary gland might gradually promote ductal 
hyperplasia in the adult gland, predisposing it to cancer. 


Future prospects 

There is abundant evidence for mortality decline and increased life- 
span throughout the developed world’. Before 1970, this probably 
reflected improvements in the food supply and sanitation, and 
achievements in medicine, notably vaccination and antibiotics. 


Box 2 | Future research 


Comparative phenotyping 

In view of the general agreement that any ageing intervention should 
primarily target the quality of late life, it is imperative to learn more 
about ageing phenotypes and how the human phenotypes compare to 
those in model animals. This goal hinges on good descriptive research, 
traditionally less appreciated by the scientific community than 
hypothesis testing, but in this case it is critically important. This type of 
research should include a search for biomarkers, not as long-sought 
but illusory predictors of individual mortality risk, but to better define 
and characterize the degenerative processes underlying mortality. 
Furthermore, progress in this area is unthinkable without the 
development and use of advanced, interactive database systems”. 
The ageing-disease relationship 

To evaluate the effects of ageing interventions, it is important to 
understand how the pathogenesis of age-related diseases (for 
example, cancer, diabetes, cardiovascular and neurodegenerative 
disorders), which account for most of late life mortality, relates to basic 
molecular processes of ageing. Although we need to abandon the 
concept that ageing is a genetically programmed process and diseases 
of ageing essentially separate entities, it is conceivable that many 
disease risk factors are independent of ageing per se, which may have 
only one ora few, rather than a multiplicity, of causes. It is important to 
begin deciphering how disease processes intersect with basic ageing 
cause(s). 

A rational basis for interventions 

Before developing interventions for humans, it is critically important to 
have a strong rationale for both the intervention and target—this 
rationale should derive from many independent lines of evidence, 
including mechanistic, animal model and human-based studies. In 
selecting targets, strong consideration should be given to potential side 
effects. This mission will necessarily require multidisciplinary teams of 
clinicians and basic scientists working in cooperation with the 
pharmaceutical industry and regulatory agencies. 
Unravel the causes of ageing 

All interventions will fail to increase longevity substantially if the 
ultimate cause(s) of ageing does not lend itself to available treatments. 
For example, if ageing involves a gradual drift away from regulatory 
constraints, with organs and tissues developing into cellular mosaics, 
only in situ tissue replacement may offer a long-term solution. Even if 
ultimately ageing has the singular cause of a gradual, lifelong 
accumulation of molecular and cellular damage, the large diversity in 
types of damage, their complex interactions and ultimate 
consequences require an integrative, systems-biology approach’. 
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After 1970, the mortality decline probably reflects preventive medi- 
cine, lifestyle changes, routine use of anti-hypertensive and other 
drugs, and so on. It is impossible to predict, at this stage, whether 
increasingly sophisticated interventions will negate most or all ageing 
phenotypes. However, there are reasons for caution. 

First, pharmacological intervention on the basis of pathways iden- 
tified in model organisms may be an illusion because gains in longevity 
achieved in these organisms seem to decline with organismal complex- 
ity or depend on idiosyncratic physiology. Furthermore, lifespan in 
some organisms may be less plastic than in others. In addition, cancer 
poses a challenge to longevity that is distinct from age-related degen- 
eration, and may be suppressed by mechanisms that are also pro- 
ageing. Third, there are still enormous gaps in our knowledge about 
how metabolic pathways operate and interact; serious side effects may 
constrain the effectiveness of pharmacological interventions. 

Repair of macromolecular damage may prove more promising, 
especially in unison with improved anti-cancer therapies. However, 
it is not clear that all toxic lesions have been identified, or whether 
practical strategies exist to eliminate them. For example, it would be 
impossible to counter (epi)genomic drift pharmacologically, and 
transplanted organs and cells are also subject to loss of (epi)genomic 
integrity. Moreover, we do not know if macromolecular damage is 
the sole cause of ageing. Even in simple organisms, it is clear that 
longevity-modulating pathways entail exquisitely balanced interac- 
tions, regulated by numerous genetic elements®’. And the large num- 
ber of genomic transactions makes errors—many that are 
irreversible—inevitable. Indeed, there is evidence that ageing entails 
a gradual drift towards more random patterns of gene expression”, 
which might cause organ/tissue failure that cannot be undone by 
pharmacological or biological intervention. 

In theory, interventions could be designed to alter the orchestrated 
networks of cell-cell interaction to increase lifespan. This is essen- 
tially what evolution has done to produce long-lived species. The 
question is, can we mimic the evolutionary process to the extent that 
senescence becomes essentially negligible? At this stage, the answer 
must be that we do not know. Although there is no scientific reason 
for not striving to cure ageing—similar to what we profess to do for 
cancer and other diseases—our current understanding makes it 
impossible to assert that indefinite postponement is feasible. 
Rather, we need to use the current momentum to intensify research 
aimed at resolving major outstanding questions that hinder a more 
complete understanding of basic ageing mechanisms and their rela- 
tionship to disease (Box 2). Only this will allow us to generate soph- 
isticated, integrated strategies to increase human health and lifespan. 
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How Cooper pairs vanish approaching the 
Mott insulator in Bi-Sr.CaCu,0¢, ; 


Y. Kohsaka’”, C. Taylor’, P. Wahl', A. Schmidt!, Jhninhwan Lee’, K. Fujita’, J. W. Alldredge’*, K. McElroy’, 
Jinho Lee’, H. Eisaki’, S. Uchida®, D.-H. Lee® & J. C. Davis'”® 


The antiferromagnetic ground state of copper oxide Mott insulators is achieved by localizing an electron at each copper 
atom in real space (r-space). Removing a small fraction of these electrons (hole doping) transforms this system into a 
superconducting fluid of delocalized Cooper pairs in momentum space (k-space). During this transformation, two 
distinctive classes of electronic excitations appear. At high energies, the mysterious ‘pseudogap’ excitations are found, 
whereas, at lower energies, Bogoliubov quasi-particles—the excitations resulting from the breaking of Cooper pairs— 
should exist. To explore this transformation, and to identify the two excitation types, we have imaged the electronic 
structure of BizSr2CaCu 0g, in r-space and k-space simultaneously. We find that although the low-energy excitations are 
indeed Bogoliubov quasi-particles, they occupy only a restricted region of k-space that shrinks rapidly with diminishing hole 
density. Concomitantly, spectral weight is transferred to higher energy r-space states that lack the characteristics of 
excitations from delocalized Cooper pairs. Instead, these states break translational and rotational symmetries locally at the 
atomic scale in an energy-independent way. We demonstrate that these unusual r-space excitations are, in fact, the 
pseudogap states. Thus, as the Mott insulating state is approached by decreasing the hole density, the delocalized Cooper 
pairs vanish from k-space, to be replaced by locally translational- and rotational-symmetry-breaking pseudogap states 


in r-space. 


Evolution from CuO, superconductor to Mott insulator 


Theoretical studies of the copper oxide electronic structure using the 
Hubbard model’ suggest a complex phenomenology for the evolu- 
tion from the localized r-space states of the Mott insulator to the 
delocalized k-space Cooper pairs of the superconductor. The unique 
capability of quasi-particle interference (QPI) imaging" to deter- 
mine the electronic structure simultaneously in r-space and k-space 
makes it ideal for studying such effects. Here we use superconducting 
QPI'*”’ to study the evolution of electronic structure as hole density 
p tends towards zero in Bi,Sr,CaCu,Og+5. We find that the 
Bogoliubov quasi-particle (BQP) excitations are confined to a spe- 
cific locus in k-space called the ‘Bogoliubov arc’. The end points of 
this arc, where BQP interference disappears, lie near the diagonal 
lines connecting k = (0, =1/ap) and k = (n/a, 0) and occur at a 
weakly doping-dependent ‘extinction energy’ E = Ap (do is the near- 
est neighbour Cu—Cu distance). This Bogoliubov arc, which repre- 
sents regions of k-space supporting delocalized Cooper pairs, shrinks 
rapidly as p decreases. 

For E> Apo, the excited states appear dramatically different. They 
do not have the BQP interference phenomena expected of excitations 
from delocalized Cooper pairs. Instead, they appear to be quasi-loca- 
lized in r-space. Also, energy-resolved tunnelling asymmetry”, when 
corrected appropriately for nanoscale electronic disorder, reveals 
that the intensity of these r-space characteristics is most pronounced 
at the pseudogap energy. Thus, the low-p pseudogap excitations 
locally break translational symmetry, and reduce the 90° rotational 
(C4) symmetry of each four-Cu-atom plaquette to a 180° rotational 
symmetry (Cz) in Cu-O—Cu bond-centred patterns”. 


Two classes of CuO2 excited states at low hole density 


The hole-doped CuO, plane has a complex electronic phase dia- 
gram’. Its ground states include antiferromagnetism for p< 2%- 
5%, d-wave superconductivity for 5%-10% < p< 25%, and a metal- 
lic state for p> 25%. Several poorly understood regions occur at 
finite temperatures in the non-superconducting state, most signifi- 
cantly the pseudogap regime’. Its spectrum of electronic excitations 
reveals the pseudogap phenomenology most transparently. Two dis- 
tinct energy scales, associated with two distinct types of excited state 
dynamics, can be detected by numerous spectroscopies”. The two 
excitation energies diverge with diminishing p as shown, for example, 
in Fig. la (reproduced from ref. 22, the nomenclature of which we 
follow in this introduction). 

Single-particle tunnelling spectroscopy” detects a particle—hole- 
symmetric excitation energy Epc that is indistinguishable in mag- 
nitude in the pseudogap and superconducting states** and which 
increases with decreasing p. A typical evolution of such spectra with 
decreasing p is shown in Fig. 1b. Here the two classes of excitations 
are respectively spatially heterogeneous**”® excitations centred on 
Epc and spatially homogeneous'®’?***° excitations surrounding 
E=0; they exhibit increasing energy segregation as p—0. 
Andreev-St James tunnelling, which is sensitive to the phase-coher- 
ent superconducting state, also reveals two diverging excitation 
energy scales as p— 0: the first is the familiar high-energy scale Epc 
but the second, lower energy, scale Esc is viewed as the maximum 
energy of Cooper-pair binding”. Optical transient-grating spectro- 
scopy’® shows that the higher energy excitations near Epc propagate 
exceedingly slowly and without recombination to form Cooper pairs, 
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Tokyo 113-0033, Japan. *Department of Physics, University of Colorado, Boulder, Colorado 80309, USA. °School of Physics and Astronomy, University of St Andrews, North Haugh, St 
Andrews, Fife KY16 9SS, UK. °CMPMS Department, Brookhaven National Laboratory, Upton, New York 11973, USA. ‘Institute of Advanced Industrial Science and Technology, 
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Figure 1| Two classes of electronic excitations in copper oxides as p—> 0. 
a, The separation between the energy scales associated with excitations of the 
superconducting state (Esc) and those of the pseudogap state (Epg) increases 
as p decreases (reproduced from ref. 22). The different symbols correspond 
to the use of different experimental techniques. b, The average of all 
conductance spectra exhibiting the spatially averaged value of 4), for each of 
six independently measured Bi,Sr,CaCu,Og +5 samples. The observed gap 
maximum increases along the Epg trajectory as hole density is reduced’*. 


whereas lower energy excitations surrounding the E = 0 nodes prop- 
agate and dynamically reform Cooper pairs as expected. Raman 
scattering spectroscopy” reveals the two distinct energy scales and 
quasi-particle dynamics in the nodal and antinodal regions of k- 
space, again diverging as p— 0. 

Finally, angle-resolved photoemission spectroscopy (ARPES) plays 
a central role in categorizing these two excitation types. In the pseu- 
dogap regime, ARPES reveals an excitation energy Ep, in the antino- 
dal region of momentum space near k ~ (+71t/ap, 0) and k ~ (0, £11/ 
ao) that increases as p—> 0. Epg is independent of temperature, chan- 
ging neither with greatly increased temperatures nor during the trans- 
ition into the superconducting state at low temperature’. In 
contrast, the nodal region supports a ‘Fermi arc” of coherent excita- 
tions in the pseudogap state, upon which a momentum- and temper- 
ature-dependent gap opens only in the superconducting state*’****, A 
schematic representation of this situation (with Epc in blue and Esc in 
orange, following ref. 22) is shown in Fig. lc. Notably, Esc links 
smoothly to the pre-existing pseudogap excitation energy Ep, at their 
common point in k-space”. To understand the copper oxide super- 
conductor-to-Mott insulator transition fully, it is thus critical to 
understand these two electronic excitation types along with their 
growing energetic segregation as p— 0. 


Numerical studies of hole-doped CuO, Mott insulators 


The hypothesis of a ‘resonating valence-bond’ state** has motivated 
the theoretical exploration of whether repulsive electron—electron 
interactions in the CuO, plane could provide the explanation for 
high-temperature superconductivity. In such proposals, when the 
antiferromagnetic Mott insulator is ‘quantum melted’ by hole dop- 
ing, singlet electron-pairing correlations develop, with the pairing 
energy diminishing as p increases. However, such theoretical 
approaches have faced a number of challenges, including how to 
adequately represent the anisotropic electronic structure in k- 
space” and the quasi-localized*®***° r-space states, which become 
increasingly important as p— 0. 

Recent theoretical advances in the numerical analysis of the Hubbard 
model'® with associated analytical approximations'*’ are highly 
relevant to these issues. They yield the following results, among 
others: the lightly hole-doped Mott insulator state has two excitation 
energy scales that diverge with decreasing p (refs 1, 2, 7-9); the 
smaller scale represents the energy gap to excitations of delocalized 
Cooper pairs, whereas the larger scale is due to correlations and not a 
different order parameter’*’°; a growing k-space anisotropy 
between these two types of excitation leads to an eventual break-up 


Note that the peak energies + Epg are symmetric about the Fermi level 
(except perhaps at p ~ 6%, or T. ~ 20K, where they are quite difficult to 
discern). ¢, The conventional view of the electronic structure in one-quarter 
of the CuO, first Brillouin zone with energy (E) plotted as a third dimension. 
The d-wave superconducting energy gap Esc, which opens for T < T,, is 
shown in orange, and the temperature-independent pseudogap, which 
opens for T > T., is shown in blue. 


of the Fermi surface’**”"''? as p— 0; the Luttinger theorem relating 


the areas enclosed by zero-energy k-space contours to carrier density 
must thus be amended’””’; and the doped Mott insulator correla- 
tions produce an asymmetry of tunnelling probabilities for electron 
injection versus extraction®*®*”* that diverges with decreasing p. 


Simultaneous r-space and k-space electronic structure 
determination 


To explore these predictions, the electronic structure must be deter- 
mined simultaneously in r-space and k-space, as a function of 
decreasing p. Atomic-resolution spectroscopic-imaging scanning 
tunnelling microscopy in combination with BQP interference'*”” 
is one of the few suitable approaches. This technique has a critical 
advantage in that it can detect the quantum coherence of k-space 
excitations directly from their interference patterns. 

A distinctive form of QPI occurs in copper oxide superconductors 
because the Bogoliubov quasi-particle dispersion E(k) has closed 
constant-energy contours surrounding the d-wave nodes as shown 
by grey lines in Fig. 2a. Maxima in the joint density of states occur at 
the eight tips of these closed contours, k((E), j= 1,2,...,8, as shown 
by colour-coded symbols in Fig. 2a. For a given E, these k,(E) occur at 
the minima (maxima) in the band structure of Bogoliubov excita- 
tions kg(E) and at the normal-state Fermi surface. Elastic scattering 
between the k,(E) is represented by the coloured arrows in Fig. 2a, b 
and produces r-space interference patterns in the local density of 
states N(r, E). The resulting energy-dispersive N(r, E) modulations 
have 16 +q pairs of wavevectors, indicated by the colour-coded 
markers in Fig. 2b. By inspection, the relationship between the 
qi(E), i= 1,2,...,7, and the locus of the Bogoliubov band minima 
kp(E) = (k,(E), k,(E)) are given by: 


qy = (2k;,0) 1 
q = (ky + ky sky — ky) 2 
q3 = (ky + ky ky + ky) 3 
Qu = (2ky,2ky) 4 
qs =(0,2k,) 5 
Gs = (ke — ky sky + kx) 6 
gy = (kx — ky ky — kx) 7 
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This is referred to'*'? as the ‘octet model’. When these q,(E) are 
measured from the Fourier transform of spatial modulations'*'? seen 
in differential tunnelling conductance di(r, V)/dV= g(r, V), the 
k,(E) can be determined by using equations (1)—(7) with the require- 
ment that all independent solutions be consistent. The structure of 
the superconductor’s energy gap 4(k) is then determined’*” directly 
from kg(E) (see Supplementary Information, sections III and IV). Of 


a kspace 
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Figure 2 | BQP interference. a, The contours of constant energy in the 
superconducting state. The locations of the eight regions of maximum joint 
density of states are shown by coloured symbols. Quasi-particle scattering 
between these eight regions produces interference patterns associated with 
the dominant modulations in dI(r, V)/dV. The expected wavevectors of these 
modulations are labelled q;, i= 1,2, ...,7, in the appropriate colour. b, The 
set of 16 pairs of wavevectors q,(E) representing the octet model described in 
a constitute a highly overdetermined set in q-space. ¢, The q-space structure 
of interference patterns Z(q, E= 16 mV) measured on the sample with 

T, = 45 K is consistent with the scattering patterns predicted from the octet 
model ideas ofa and b. d, For comparison with c, we show Z(r, E = 38 mV), in 
which the interference patterns are no longer obviously associated with 
quasi-particle interference patterns as in b and, furthermore, retain this 
unchanging q-space structure for a very wide range of energies E > Ap. e, The 
magnitude of various extracted scattering vectors, labelled with the same 
colours and symbols as in a and b and plotted as a function of energy. 
Whereas the expected energy dispersion of the octet vectors q;(E) is apparent 
for |E| <32 mV, the peaks which avoid extinction (q,* and q;*) always 
become non-dispersive above Ao (black arrow). An interesting precursor 
effect can be seen in the departure of the dispersive q5(E) from expectations 
for E< Apo. f, The decay of Z(q, E) intensity in all the dispersive modulation 
wavevectors and its disappearance below the noise level at the extinction 
energy Ao (black arrow). These effects are described for all data sets in the 
Supplementary Information. 


1074 


NATURE]|Vol 454|28 August 2008 


primary significance here is that, because only the BQP states of a 
d-wave superconductor could exhibit such a particle—hole-symmet- 
ric set of interference wavevectors in which all dispersions are intern- 
ally consistent within the octet model, the gap 4(k) determined by 
these procedures is definitely the superconducting energy gap'®”’. 

These procedures are demonstrably successful near optimal dop- 
ing. In Bi,Sr.CaCu2O0g+5, measurements from QPI of kg(E) and the 
superconducting A(k) are consistent with ARPES'*, whereas in 
Caz—,.Na,CuO2Ch, QPI yields kp(£) and A(k) measurements equally 
well’’. For unknown reasons, when E < 3-6 meV in both systems, the 
modulations appear to be too weak to analyse (although with unitary 
scatterers these intra-nodal scattering modulations do appear). In 
any case, the fundamental k-space phenomenology behind this 
d-wave BQP interference model’*’”® has also been demonstrated 
directly in ARPES studies****. QPI studies have been more challen- 
ging as p— 0, however, because intense atomic-scale spatial fluctua- 
tions in electronic structure cause systematic errors in setting the 
scanning tunnelling microscope tip elevation’’”°. Recently, though, 
it was shown” how to enhance the QPI signatures by using the ratio 
of differential conductances at opposite bias: 


gt, + V) 
§ (r, oe V) 
The advantage of this procedure is that it cancels'””’ the severe sys- 


tematic errors in g(r, V) due to tip elevation errors, yet retains all the 
qi(E) information (see Supplementary Information, section II). 


Z(r,E=eV)= 


19,20 


Outline of methods 


Here we report the first application of these techniques to the sim- 
ultaneous study of r-space and k-space electronic structure as p— 0 
in a copper oxide superconductor. We measure g(r,V) in 
~50nm X 50nm fields of view in five Bi,Sr,CaCu,O0g+5 samples, 
respectively with p ~ 19%, 17%, 14%, 8%, 6% and transition tem- 
peratures T. = 86K, 88K, 74K, 45K, 20K. Each sample is inserted 
into the cryogenic ultrahigh vacuum of the scanning tunnelling 
microscope and cleaved to reveal an atomically clean BiO surface, 
and all g(r, V) measurements are made with atomic resolution and 
register at or below 4.2K. This data set consists of >10° tunnelling 
spectra and is presented and analysed in detail in the Supplementary 
Information. From it, the Z(r, E) and Z(q, E) are calculated. For all 
energies at which dispersive Z(r, E) modulations exist, the octet 
model is used to find kg(E) by means of equations (1)-(7). 
Because we require comprehensive internal consistency of all q,(E) 
within the octet model, the resulting kg(E) is heavily overdetermined 
(see Supplementary Information, section III, and Supplementary 
Fig. 2). For QPI analysis at p = 19%, we use the g(r, V) and g(q, V) 
data directly, both because tip elevation errors are minimal and for 
comparison with previous studies’®. 


Extinction of BQP interference 


In Fig. 2c we show a representative low-energy Z(q, E) (from a 
p~ 8% sample). It reveals the expected 16 pairs of q vectors, which 
are consistent with each other within the octet model. The measured 
dispersion of each independent q vector is shown by open symbols in 
Fig. 2e. Equivalent data for all hole densities studied are shown in 
Supplementary Fig. 2. We find that the dispersion of octet model q 
vectors always stops, and that the intensity of all but two q vectors 
diminishes to zero, at some weakly doping-dependent excitation 
energy which we label E= Apo. This is indicated by black arrows in 
Fig. 2e, f. In Fig. 2d we show a representative Z(q, E) for E> Ao (from 
the same p ~ 8% sample), Here we detect only two non-dispersive q 
vectors, labelled q,* and q;* in Fig. 2d, e. The equivalent pair of non- 
dispersive q vectors has been detected using ARPES in optimally 
doped Bi,Sr,CaCu,0Og+5 (ref. 37) and in underdoped 
Caz—,Na,CuO Cl, (ref. 31). Here, however, we find that this phe- 
nomenon occurs in all samples with 6% < p< 19% (the q,* and q;* 
data for all E> Ao are shown for these p values in Supplementary 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 454|28 August 2008 


Fig. 2). Our first key finding is then that, above some energy Ao, the 
dispersing BQP interference wavevectors q,(E) always disappear, to 
be replaced by a completely non-dispersive excitation spectrum 
represented by q,* and q;*. 

In Fig. 3a we plot the kg(E£) determined from the same data. Here it 
is apparent that when the BQP interference patterns disappear at Ao, 
the k states are near the diagonal lines between (0, +2/a9) and (+1/ 
ao, 0) within the CuO, Brillouin zone. This k-space ‘extinction point’ 
for BQP interference is defined not only by the change from dispers- 
ive to non-dispersive characteristics, but also by the disappearance of 
the qo, q3, qs and q7 modulations (Fig. 2f and Supplementary Fig. 5). 
Thus, the BQP interference signatures of delocalized Cooper pairs 
vanish close to the perimeter of a k-space region bounded by lines 
between (0, +1/a)) and (+1/d9,0). We emphasize that this occurs 
neither at precisely the same k vector nor energy Ao for each p, but 
always near the boundary of this restricted region (Fig. 3a). Within 
this region, the quasi-particles are confined to a Bogoliubov arc (fine 
solid lines in Fig. 3a) that shrinks rapidly towards k = (+1/2, £1/ 
2)m/ a with decreasing p. We hypothesize that this Bogoliubov arc is 
always coincident with the Fermi arc detected in the normal 
state?? 343637, 


Carrier density counts 

Conventional theory would predict that the minima (maxima) of the 
Bogoliubov bands kg(+ E) should occur at the k-space location of the 
Fermi surface of the non-superconducting state. By making this 
assumption here, we may ask if the carrier density count satisfies 
Luttinger’s theorem, which states that twice the k-space area enclosed 
by the Fermi surface, measured in units of the area of the first 
Brillouin zone, equals the number of electrons per unit cell, n. In 
Supplementary Fig. 4a we show as fine solid lines hole-like Fermi 
surfaces fitted to our measured kp(E). Using Luttinger’s theorem 
with these k-space contours would result in a calculated hole density 
p (when measured from half filling, this is defined conventionally as 
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1 — n) for comparison with the estimated hole density in the samples. 
These data are shown by filled symbols in the inset to Fig. 3a. We see 
that the classic Luttinger theorem is strongly violated at all dopings 
below p~ 10%. This is neither a unique nor an anomalous obser- 
vation: equivalent results have been reported previously for 
Caz_,Na,CuO,Cl, at similarly low p values*’. 

However, the copper oxides are not metals but carrier-doped Mott 
insulators. For such systems, Luttinger’s theorem must be amended”? 
so that the zero-energy contours bounding the k-space region repre- 
senting carriers are defined not only by poles in the Green’s functions, 
but also by their zeros. Essentially, the perturbation theory descrip- 
tion of the metallic Fermi liquid breaks down and correlations among 
the particles generate zeros in the Green’s functions. The locus of 
zeros of these Green’s functions may be expected to occur at the lines 
joining k = (0, +1/ao) to k = (+1/ao, 0). In that situation, the hole 
density is related quantitatively to the area between the lines joining 
k= (0, m/d)) to k= (+2/a9,0) and the Fermi arcs. The carrier 
densities calculated using the region bounded by kg(E) (arcs in 
Fig. 3a) and the hypothesized lines of zeros between k = (0, +11/ao) 
and k = (+1/ap, 0) (for example the dashed diagonal line in Fig. 3a) 
are shown by open symbols in the inset to Fig. 3a. These are in better 
agreement with the estimated hole density (see Supplementary 
Information). Thus, we conclude that if the Green’s function lines 
of zeros occur between k = (0, +2/a9) and k = (+2/do, 0), the mea- 
sured k-space structure and the doped-hole density can remain con- 
sistent as p— 0. 


Relationship of superconducting energy gap to the pseudogap 
energy 


In Fig. 3b we plot the doping dependence of the superconducting 
energy gap A(0,) (see Supplementary Information, section IV) in 
terms of 6, the angle in k-space measured about the point (7, 2) as 
shown in the inset. We find that 4(0,) is always cut off by the BQP 
extinction at the boundary of the restricted region, Moreover, we find 
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Figure 3 | Extinction of BQP interference. a, Locus of the Bogoliubov band 
minimum k,(E) found from extracted QPI peak locations q;(E), in five 
independent Bi,Sr,CaCu,Og +; samples with decreasing hole density. Fits to 
quarter-circles are shown and, as p decreases, these curves enclose a 
progressively smaller area. We find that the BQP interference patterns 
disappear near the perimeter of a k-space region bounded by the lines joining 
k = (0, £n/ap) and k = (+1/ao, 0). The spectral weights of qz, q3, G6 and 

q7 vanish at the same place (dashed line; see also Supplementary Fig. 3). 
Filled symbols in the inset represent the hole count p = 1 — n derived using 
the simple Luttinger theorem, with the fits to a large, hole-like Fermi surface 
shown in Supplementary Fig. 4a and indicated schematically here in grey. 
Open symbols in the inset are the hole counts calculated using the area 


enclosed by the Bogoliubov arc and the lines joining k = (0, +1/ag) and 

k = (+11/ao, 0), and are indicated schematically here in blue. b, The evolution 
of the superconducting energy gap 4(k) is shown for the k-space points 
shown in a, but here as a function of the angle 0, about the point (7, 7) (see 
the lower insert). These are fitted to the parameterization 

A(O) = Agp;[Bcos(20,) + (1 — B)cos(60,)] for each hole density (and offset 
vertically for clarity) as indicated by the fine solid lines. The measured 
A(O,) values are shown by the coloured data symbols on the left-hand side, 
and the error bars (1 s.d.) for each measurement are shown on the right-hand 
side. As p decreases, it is obvious that the fitted 4Qp; increases rapidly. The 
upper inset shows the relationship between Ap; and the average pseudogap 
energy (4)). 
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that the energy 4o(p) where BQP interference disappears and the spa- 
tially averaged energy Ao(p) at which electronic homogeneity is lost in 
BipSrzCaCu2Og+5 (ref. 26) are indistinguishable within their uncer- 
tainties. The function A(0,) = Agp;[Bcos(20,) + (1 — B)cos(66,)], 
where Aqpy is the theoretical superconducting energy gap maximum 
at 0, = 0, 1/2, is required to fit the measured A(0,), as shown by the 
fine solid lines in Fig. 3b. We find that as p decreases, A gp; increases 
rapidly and B decreases slowly. Finally, the maximum energy of the 
fitted superconducting gap Agpy is always in good quantitative agree- 
ment with the spatially averaged pseudogap maxima (4) as derived 
from the particle-hole-symmetric peaks in the spectra (Fig. 1b); this 
relationship is shown in the inset to Fig. 3b. 


r-space structure of pseudogap excitations 


Next we examine the structure of excitations above the extinction 
energy 49, where no dispersive QPI is detected. We find that these 
Z(q, E) have only two non-dispersive q vectors, namely q,* and q;*, 
which evolve with p as shown implicitly in Fig. 3a (and in detail in 
Supplementary Fig. 6). As might be expected from their lack of energy 
dispersion, it is in r-space that these excitations appear most well 
defined. Analysis of Z(r, E) for Jp < E< 150 meV shows spatial pat- 
terns that are highly similar at all energies but have spatial variations in 
intensity. Representative examples are shown in Fig. 4a, b. The pat- 
terns are short-correlation-length Cu-O-—Cu bond-centred modula- 
tions in Z(r, E) with nanoscale unidirectional domains ~4a) wide 
embedded in a glassy matrix. The spatial structure in these r-space 
patterns (Fig. 4a, b) appears closely related to that detected by maps of: 


I(r, + V) 
I(r,—V) 


These quantify variations in the energy-integrated tunnelling asym- 
metry, as described in ref. 20 for V= 150 meV; their spatial arrange- 
ment forms a Cu-O-Cu bond-centred electronic pattern with 
dispersed ~4adp-wide unidirectional nano-domains. However, 
because these maps integrate over energy, they do not reveal the char- 
acteristic energy of the constituent r-space phenomena. 

To address this issue, we focus on the maximum intensity of 
Zr, E) for each E. This fluctuates strongly in space as shown, for 
example, in Fig. 4a, b. However, simultaneous images of the pseu- 
dogap energy scale 4;(r) (as defined in the inset to Fig. 4d) also show 
strong spatial fluctuations (Fig. 4c). Comparing these with Fig. 4a, b, 
it seems that Z(r, E) exhibits its maximum intensity in the spatial 
regions where E= A,(r). To quantify this, we scale the energy E at 
each r by the pseudogap magnitude 4,(r) at the same location, thus 
defining the new energy scale e(r) = E/A,(r) to be a fraction of the 
local pseudogap energy scale. We find that the translational- and C,- 
symmetry-breaking bond-centred modulations exhibit an apparent 
maximum intensity at e=1, or E(r)=A,(r) (Supplementary 
Information, section VII, and Supplementary Fig. 7). Our conclusion 
is then that the intricate r-space patterning of electronic structure 
seen in the maps of R (ref. 20 and Fig. 4f) is actually an atomic-scale 
visualization of the spatial structure of low-p pseudogap excitations 
(Figs 4e and 5a and Supplementary Fig. 7). 


R(r,E=eV)= 


Summary and discussion 


As p is reduced towards the Mott insulator state, scattering interfer- 
ence modulations of BQPs always disappear at an energy Av that is 
indistinguishable from the energy at which electronic homogeneity is 
lost*®. BQP interference disappears near the perimeter of a region in 
k-space restricted by the lines joining k = (0, +m/ap) and k = (+n/ 
4,0). For energies E> Ao, the electronic structure appears to be 
static in r-space and independent of E. In fact, it consists of the 
atomic-scale spatial patterns previously reported” but here identified 
as the pseudogap excitations at E= +4,. Our observations therefore 
provide a new and different context within which to understand the 
two excitation energy scales as p—> 0. The lower energy, Ao, is assoc- 
iated with the disappearance of the BQP interference arising from the 
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presence of delocalized Cooper pairs, whereas the upper energy, 4), is 
associated with the characteristic r-space electronic structure of the 
pseudogap excitations. Overall, a progressive conversion from the 
former to the latter electronic structure occurs as p decreases to zero 
even though their characteristic energies Aap; and 4, remain equal. 
Perhaps most notably, the low-p pseudogap excitations locally break 
the translational symmetry, and reduce the C, symmetry of the elec- 
tronic structure in each four-Cu-atom plaquette to C, symmetry in 
Cu-O-Cu bond-centred patterns without long-range order”. 


di/dV (nS) 


-100 0 100 
Bias (mV) 


2nm 0.60 1.2 


2am 40 = 140 (mv) 


60 120 


Figure 4 | Imaging copper oxide pseudogap excitations as p— 0. 

a, b, Atomically resolved Z(r, E) for the T, = 45 K sample (simultaneous 
topographic image shown in d) for two distinct energies (60, 120 mV). The 
intensity of electronic structure patterns in r-space vary as a function of 
energy. ¢, The corresponding spatial map of the 4; gap magnitude over the 
sample surface in d. There is a wide distribution of heterogeneous pseudogap 
values”. d, A topograph showing the locations of Bi atoms (small, bright 
circles) on the field of view where all data in this figure were acquired. The 
inset shows the local definition of 4,(r) with the tunnelling conductances at 
E= +A, represented by g* and g_, respectively. e, Image of 

Z(r, e = E/A, = 1) in which energy has been rescaled by the local value of 
A,(r) from ¢; this represents an image of what pseudogap states would look 
like in terms of Z(r, E = 4,) if the nanoscale disorder in 4, were not to exist. 
f, The R(r, E= 150 mV) patterns are virtually identical to those in e. Thus, 
the spatial patterning reported in ref. 20 is actually concentrated on the 
states at E= +), meaning that these r-space excited states are the copper 
oxide pseudogap excitations as p— 0. 
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A number of theoretical issues emerge from these observations. 
For example, we do not know why the BQP interference extinction 
occurs near the perimeter of the k-space region bounded by the lines 
joining k = (0, +n/a9) and k = (+71t/ao, 0). One reason could be that 
this k-space perimeter coincides with the boundary at which elastic 
particle-particle Umklapp scattering should intensify rapidly as the 
Mott insulator state is approached’. A different possibility is that the 
r-space electronic structure has undergone a V2 x V2 reconstruction 
in which the periodicity of the crystal structure is increased owing to 
the appearance of a coexisting long-range-ordered state; the arcs in 
Fig. 3a would then represent a hole pocket within a reduced Brillouin 
zone. However, neither the antiferromagnetism nor the other elec- 
tronic long-range orders**”’ necessary for such a reconstruction are 
observed in Bi,Sr,CaCu,0g+5. A related explanation could be inel- 
astic scattering of the quasi-particles by spin fluctuations** at 
Q = (a, 7) or by fluctuations of a circulating-current order*®*' (each 
would exhibit a J2 x J2 reconstruction if stabilized). A key dif- 
ficulty with all these possibilities is the loss of translational symmetry 
and local reduction of the expected C, symmetry of the Cu plaquette 
to Cp (Fig. 4a, b, e, f and ref. 20), which are not required within such 
models. Yet another explanation could be static spin-charge stripe 
glass coexisting with superconductivity***”. This could explain the 
loss of translational symmetry and the reduction of C, symmetry to 
C, within the pseudogap excitations. However, it does not explain the 
locus of quasi-particle extinction along the lines joining k = (0, +1/ 
ay) and k = (+1/ao, 0). A related class of proposals, perhaps more 


Figure 5 | Bipartite electronic structure of copper oxides as p—> 0. a, The 
pseudogap excitations are separated from the Bogoliubov quasi-particle 
states by a plane in E-k space restricted approximately by the lines joining 
k = (0, n/a) and k = (+1/ap, 0). This is indicated in blue. The energy 
E= Ao at which the excitations make the transition from being dispersive 
BQP to being energy-independent pseudogap states (and at which spatial 
homogeneity is lost”°), diminishes slowly with decreasing p. b, For energies 
E> Apo, the electronic structure is static in r-space and independent of E; the 
pseudogap states at |E| = 4, are short-correlation-length Cu-O—Cu bond- 
centred modulations in Z(r, E) that break translational symmetry and reduce 
C, symmetry to C, within each four-Cu-atom plaquette (see ref. 20). ¢, In 
contrast, scattering interference between k-space BQP excitations from 
delocalized Cooper pairs is observed on an arc terminated approximately by 
the plane in E-k space (blue in a) that connects k = (0, 1/ag) to k = (n/ 

do, 0). As p— 0, the arc shrinks and the phenomena in ¢ rapidly disappear, to 
be replaced by those in b. 
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congruent with our data, suggest that the fluctuations of an order 
parameter that would break translational and C, symmetry if stabi- 
lized scatter the quasi-particles strongly*® and alter the QPI pro- 


cesses**°° in a way consistent with our observations. 


Notwithstanding these theoretical issues, a new empirical model of 
the bipartite electronic structure of copper oxides emerges here 
(Fig. 5). Its key elements include the following: as p decreases, the 
BQP interferences indicating the presence of delocalized Cooper 
pairs disappear near the lines connecting (+7, 0) and (0, +7) in k- 
space, even as the Cooper pairing energy continues to rise; although 
the pseudogap excitations appear to have the same energy scale, 4), as 
the maximum energy scale of superconductivity, Jap; they have a 
radically different r-space phenomenology that locally breaks the C, 
symmetry on Cu plaquettes down to C, in a bond-centred pattern. 
There are two immediate tests of the validity of this new model. First, 
C, symmetry should be recovered on each Cu plaquette at even lower 
hole density as the antiferromagnetism reappears. Second, the diverse 
repercussions of this bipartite electronic structure for the bulk ther- 
modynamic characteristics should be compared with the results of 
relevant measurements. 


Received 7 April; accepted 3 July 2008. 
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Egalitarianism in young children 


Ernst Fehr’, Helen Bernhard! & Bettina Rockenbach® 


Human social interaction is strongly shaped by other-regarding preferences, that is, a concern for the welfare of others. 
These preferences are important for a unique aspect of human sociality—large scale cooperation with genetic strangers— 
but little is known about their developmental roots. Here we show that young children's other-regarding preferences assume 
a particular form, inequality aversion that develops strongly between the ages of 3 and 8. At age 3-4, the overwhelming 
majority of children behave selfishly, whereas most children at age 7-8 prefer resource allocations that remove 
advantageous or disadvantageous inequality. Moreover, inequality aversion is strongly shaped by parochialism, a preference 
for favouring the members of one’s own social group. These results indicate that human egalitarianism and parochialism 
have deep developmental roots, and the simultaneous emergence of altruistic sharing and parochialism during childhood is 
intriguing in view of recent evolutionary theories which predict that the same evolutionary process jointly drives both human 


altruism and parochialism. 


Other-regarding preferences are decisive for the human ability to 
achieve and maintain cooperation in large groups of genetic stran- 
gers'”. If an individual cares for the welfare of other group members, 
he or she is more likely to refrain from free-riding in cooperative 
projects. Similarly, ifan individual dislikes the free-riding of others— 
because it is associated with inequality>> or because it represents a 
norm violation’—the individual is more likely to punish free- 
riders’ °. This punishment then constitutes an incentive for potential 
free-riders to cooperate. Other-regarding preferences are also 
important in public life and politics'’® and they powerfully amplify 
reputational incentives in strategic interactions, thus contributing to 
the cooperation-enhancing force of reputation opportunities!’ 

The developmental origins and proximate mechanisms behind 
other-regarding preferences are not well understood, however, despite 
recent progress'*”. Because we know little about when young chil- 
dren start to take the welfare of others into account, we conducted 
experiments with 229 young, genetically unrelated, Swiss children 
(127 girls and 102 boys) between the ages of 3 and 8. An understanding 
of the development of other-regarding preferences in children may 
enable us to gain deeper insights into the proximate and ultimate 
sources of species differences in preferences and cooperation. The 
study of children’s preferences is also of particular interest in light 
of recent experiments in non-human primates**”’, allowing a more 
direct comparison between human and non-human primates. 
Experiments with non-human primates have, for example, demon- 
strated that chimpanzees show little willingness to provide food to a 
familiar conspecific in situations where they could do so with no or 
only a small cost****’. In view of this result, it is interesting to study 
whether (and if so, when) children are willing to provide valuable 
resources to their partners. In this way, the large species differences 
in cooperation between humans and non-human primates can be 
more directly traced back to species differences in other-regarding 
preferences. 

Investigation of the development of moral judgment” and proso- 
cial behaviour” is a rich tradition in psychology, but there is a 
surprising lack of studies that isolate the development of other- 
regarding preferences from the development of other forms of 
prosocial behaviour. The experimental study of other-regarding pre- 
ferences in humans involves the conduct of one-shot experiments 


with anonymous interaction partners because the behaviour in non- 
anonymous face-to-face interactions, or in repeated interactions 
with the same partner, can easily be affected by selfish motives. A 
subject could, for example, behave prosocially because of the expecta- 
tion of future benefits from the partner that accrue as a result of 
prosocial behaviour in the current interaction. Selfish motives could 
therefore drive prosocial behaviours such as sharing a valuable 
resource in non-anonymous face-to-face interactions or in repeated 
interactions between the experimental subjects. Measuring other- 
regarding preferences without such confounds thus requires the 
conduct of anonymous one-shot experiments. 


Testing for inequality aversion in children 

For this reason, we conducted experiments with young children that 
enabled us to measure other-regarding preferences such as inequality 
aversion. In the context of our experiments, inequality aversion pre- 
vails if subjects prefer allocations that reduce the inequality between 
themselves and their partner, regardless of whether the inequality is 
to their advantage or disadvantage’. 

Each subject participated in the three treatments described below 
and was paired with one other anonymous partner in each treatment. 
Each treatment condition was explained in detail to the decision 
maker so that we could be sure that the child had completely under- 
stood the experiment and the consequences of the different choices 
(see Methods and Supplementary Methods). In all treatments, the 
decision maker allocated units of sweets (smarties, jellybabies or 
fizzers) to himself and/or to the partner. In the ‘prosocial’ treatment, 
which was inspired by recent experiments with chimpanzees”*™, the 
subject could choose between the allocation (1,1)—that is, 1 for 
himself, 1 for partner—and the allocation (1,0). This treatment mea- 
sures some elementary form of prosociality, because by choosing 
(1,1) the subject can at no cost to himself deliver a benefit to the 
partner and, thus, avoid advantageous inequality. In principle, the 
choice of (1,1) can be driven by the equality motive’ or by a motive to 
increase the partner’s payoff or both parties joint payoff**. Economic 
self-interest is not involved in the prosocial game because the 
decision maker receives one unit regardless of which choice he makes. 
It is therefore also possible that a selfish individual who does not care 
about the partner’s payoff will choose (1,1). In fact, because there is 


'University of Zurich, Institute for Empirical Research in Economics, Blumlisalpstrasse 10, CH-8006 Zurich, Switzerland. *Collegium Helveticum, Schmelzbergstrasse 25, CH-8092 
Zurich, Switzerland. *University of Erfurt, Nordhaduser StraBe 63, D-99089 Erfurt, Germany. 
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no reason for a selfish individual to make either choice, a population 
of self-interested individuals would choose (1,1) in 50% of the cases. 
For this reason, evidence for other-regarding behaviour in the pro- 
social game requires that the population of children choose (1,1) 
significantly above 50% frequency. 

In the ‘envy’ treatment, the subject could choose between (1,1) and 
(1,2). Here again, it is possible to deliver a benefit to the partner at no 
cost, but the choice (1,2) leads to disadvantageous inequality for the 
decision maker. Thus, if an individual just wants to increase the part- 
ner’s or the joint payoff, he should choose (1,1) in the prosocial 
treatment and (1,2) in the envy treatment. In contrast, if the equality 
motive drives behaviour in these two conditions, the subject chooses 
(1,1) in both treatments, thus avoiding the unequal allocations (1,0) in 
the prosocial treatment and (1,2) in the envy treatment. However, as 
in the prosocial treatment, a purely selfish individual has no reason to 
make either choice in the envy treatment. For this reason, evidence for 
the equality motive in the envy game again requires that the popu- 
lation of children choose (1,1) significantly above 50% frequency. 

In a third condition, the ‘sharing’ treatment, the subject could 
choose between (1,1) and (2,0). This treatment measures a strong 
form of inequality aversion because the provision of a benefit for the 
partner is costly for the subject. Selfish children should therefore 
never make the egalitarian choice in this treatment, indicating that 
the choice of (1,1) unambiguously suggests an other-regarding pref- 
erence. The sharing treatment also enables us to measure altruism as 
defined by evolutionary biology because sharing implies a costly 
transfer of a valued resource to another individual. 

In addition to these treatments, we also implemented an ingroup 
and an outgroup condition ‘across subjects’. In the ingroup con- 
dition, the partner came from the same playschool, kindergarten or 
school, whereas the partner came from another playschool, kinder- 
garten or school in the outgroup condition. The rationale for the 
outgroup condition is provided by evidence and theory indicating 
that parochialism strongly shapes adult human altruism” *’, and that 
the same evolutionary process might determine the development of 
both human altruism and parochialism””. 


From self-interest to inequality aversion 


Among the 3—4-yr-old children, most behaved selfishly in the 
ingroup condition of the sharing game because only 8.7% of the 
children were willing to share (Fig. 1). The fact that the frequency 
of (1,1) choices did not differ significantly from 50% in the prosocial 
game and in the envy game further supports the low incidence of 
other-regarding preferences at this age (binomial test; P= 0.21 for 
the prosocial game, P = 0.68 for the envy game; n = 23). The preval- 
ence of selfish behaviour in the sharing game decreased slightly for 
5—6-yr-old children, but 78% were still not willing to share at this age. 
Also, as with the 3—4-yr-old children, the frequency of egalitarian 
choices in the prosocial and the envy game for the 5—6-yr-olds was 
not significantly different from 50% (binomial test; P = 0.24 for the 
prosocial game, P = 0.41 for the envy game; n = 36). A substantially 
different picture emerged, however, for children at ages 7-8 (Fig. 1): 
45% of them showed sharing behaviour, and we also found strong 
evidence for other-regarding preferences in the other two games. Of 
the 7-8-yr-olds, 78% preferred the egalitarian allocation in the pro- 
social game, refuting the null hypothesis of random choices (bino- 
mial test, P< 0.001, n= 56). Similarly, an overwhelming majority 
(80%) preferred the egalitarian alternative in the envy game at this 
age (binomial test, P< 0.001, n= 56). 

Taken together, the behavioural patterns across all three games sug- 
gest that children at age 3-4 show little willingness to share resources 
but a non-negligible percentage of the children is willing to make 
choices that benefit the recipient if it is not costly. After this age, 
other-regarding preferences develop, which take the form of inequality 
aversion instead of a simple preference for increasing the partner’s or 
the joint payoff. If the motive to increase the partner’s or the joint 
payoff were to drive the children’s other-regarding preferences, they 
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would have then chosen the alternative (1,2) in the envy game. In fact, 
however, most of the children at age 7-8 preferred the egalitarian 
allocation. 

Therefore, if we pool the children’s choices across the various 
games, we find that both strongly and weakly egalitarian choices 
show a large increase with age (Fig. 2, Supplementary Fig. 3 and 
Supplementary Table 1). Egalitarianism, which is characterized by 
a (1,1) choice both in the prosocial and the envy game (red columns 
in Fig. 2), increases from 21% at age 3-4 to 33% at age 5-6, whereas 
60% prefer the egalitarian allocation in both games at age 7-8. The 
percentage of egalitarian choices at age 7-8 significantly differs from 
an independent random choice in each of both games (binomial test, 
P<0.0001, n= 56). If the children had made independent, random 
choices, only 25% of them would have chosen (1,1) in both the 
prosocial and the envy game. If we pool the children’s choices in 
all three games, the percentage of children who preferred the egal- 
itarian allocation in all three games increases from 4% at age 3—4 to 
30% at age 7-8 (Fig. 2). Thus, among those children who choose the 
egalitarian allocation in the prosocial and the envy game at age 7-8, 
roughly 50% share resources in the sharing game. The other 50% 
choose the selfish allocation (2,0) in the sharing game. 

It is notable that the share of subjects who maximize the partner’s 
payoff by choosing both (1,1) in the prosocial game and (1,2) in the 
envy game (blue columns in Fig. 2) decreases sharply from 43% at age 
3-4 to 16% at age 7-8. Furthermore, the percentage of subjects who 
maximize the partner’s payoff in all three games is only roughly 5% 
and does not change much with age. The across-game perspective 
also enables us to identify a third type of subject whom we call 
‘spiteful’ because they minimize the partner’s payoff in all three 
games. The share of spiteful subjects is 22% at age 3-4 and 5-6 and 
decreases slightly to 14% at age 7-8, a percentage that is similar to the 
relative share of spiteful subjects observed in adult subject pools”. 


Parochial egalitarianism 


Parochial tendencies affected children’s choices in all three treat- 
ments, and these tendencies are pervasive in the sharing and prosocial 
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Figure 1| The relative frequency of egalitarian choices across all ingroup 
treatments. In these treatments, the decision maker’s choice determines the 
resources of an ingroup partner. The frequency of egalitarian choices 
strongly increases with age across all three ingroup treatments, and most 
children prefer equality at age 7-8 in the prosocial and the envy game. 
However, if equality is costly for the children, they choose the egalitarian 
allocation less frequently—as indicated by the behaviour in the sharing 
game—and at age 3-4, self-interested choices dominate almost completely. 
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games (Fig. 3). The egalitarian choice is roughly 15%-20% more 
likely in the prosocial game if the partner is an ingroup member 
(Fig. 3a). This difference is highly significant (ingroup dummy in 
probit regression, P=0.004, z=2.92, n=229) and a similar 
ingroup—outgroup gap prevails across all ages. The largest difference 
was found in the sharing game (Fig. 3b), where we observed a strong 
increase in the frequency of egalitarian choices ifthe partner was from 
the ingroup (age effect in probit regression, P= 0.001, z= 3.33, 
n= 115), whereas the children’s willingness to share even slightly 
declined with age in the outgroup condition although this was not 
significant (age effect in probit regression, P= 0.123, z= —1.54, 
n= 114). We did observe, however, a highly significant interaction 
effect between age and outgroup condition (probit regression, 
P<0.001, z= 3.50, n = 229), indicating that the difference between 
sharing in the ingroup and outgroup conditions strongly increases 
with age. Thus, the children’s altruism and parochialism emerges 
simultaneously between the ages of 3 and 8 and is associated with a 
very strong ingroup bias at age 7-8 (probit regression, P< 0.001, 
z= 3.58, b= 105), with very little willingness to share with an out- 
group member (only 12% of the children shared in the outgroup 
condition at this age). 

The prevalence of egalitarian choices in the envy game developed 
earlier in the outgroup condition, where the children at age 5-6 
already overwhelmingly favour the (1,1) allocation (Fig. 3c). The 
willingness to remove disadvantageous inequality towards ingroup 
members becomes so prevalent at age 7-8 that an ingroup—outgroup 
gap no longer exists. However, averaging across gender hides an 
important gender effect in the envy game: boys show much stronger 
parochial tendencies than girls do because boys seem to be much less 
averse against disadvantageous inequality if the partner is an ingroup 
member (Fig. 4a; outgroup dummy in probit regression controlling 
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Figure 2 | Behavioural types in the ingroup condition. The figure classifies 
subjects according to their behaviour in all three games, that is, in the 
prosocial game ((1,1) versus (1,0)), the sharing game ((1,1) versus (2,0)), and 
the envy game ((1,1) versus (1,2)). Strongly egalitarian subjects choose the 
egalitarian allocation in all three games. Weakly egalitarian subjects choose 
the egalitarian allocation only in the prosocial and the envy games, but not in 
the sharing game, where egalitarian behaviour is costly. Strongly generous 
subjects choose the allocation that maximizes the partner’s payoff in all three 
games. Weakly generous subjects maximize the partner’s payoff only in the 
prosocial and the envy games, but not in the sharing game, where generous 
behaviour is costly. Spiteful subjects choose the allocation that minimizes 
the partner’s payoff in all three games. The percentage of egalitarian subjects 
increases steeply with age, whereas the share of generous subjects declines. 
Moreover, most subjects who are willing to share at age 7-8 belong to the 
egalitarian and not to the generous type of subjects. 
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for age, P= 0.001, z= 3.23, n= 102). In contrast, girls do not differ- 
entiate in their choices between ingroup and outgroup partners 
(Fig. 4b; outgroup dummy in probit regression controlling for age, 
P= 0.663, z= —0.44, n= 127), but, like boys, they also show an 
increasing trend towards egalitarian choices in the envy game as they 
become older. 


Birth order and sibling effects 


We find a strong ‘only child’ and ‘youngest child’ effect in the sharing 
game. Children without siblings showed much more costly sharing 
behaviour than children with siblings. On average, children without 
siblings were 28% more likely to share than children with siblings—a 
highly significant difference (probit regression, P = 0.006, z= 2.75, 
n= 197) that also exists if we control for income effects (see 
Supplementary Data). With increasing age, however, the difference 
between children with and without siblings decreases slightly, as 
indicated by an interaction effect between ‘child without siblings’ 
and ‘age’ in a probit regression (P= 0.022, z= —2.29, n= 197). 
Among the children with siblings, we found that—regardless of 
age—the youngest children in a family were 17% less willing to share 
than children with younger siblings (probit regression controlling for 
age, P= 0.007, z= 2.71, n= 172). Thus, it seems that the mere exist- 
ence of siblings or birth order may have an important role in deter- 
mining altruistic behaviours. Further analyses and interpretation of 
the effects of birth order and other demographic and psychological 
characteristics can be found in the Supplementary Information. 
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Figure 3 | Egalitarian choices across ingroup and outgroup conditions. 
Grey dashed lines denote when the partner was an ingroup member; black 
solid lines represent when the partner was an outgroup member (a-—c). a, In 
the prosocial game, the children remove inequality that favours themselves 
more often if the partner is an ingroup member. b, Egalitarian choices 
slightly decrease over time in the sharing game (with very little sharing at age 
7-8) if the partner is an outgroup member, whereas sharing with ingroup 
members strongly increases with age, providing strong evidence for 
parochial altruism in children. ¢, In the envy game, children develop a 
preference for equality much earlier if the partner is an outgroup member 
but eventually the aversion against disadvantageous inequality with regard 
to ingroup members becomes so strong that ingroup—outgroup differences 
are small. 
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Discussion 


The development of inequality aversion relatively early in childhood 
is particularly interesting in the light of ethnographic evidence that 
suggests that there is a strong role of egalitarian ‘instincts’ in human 
evolutionary history. There is considerable ethnographic evidence 
that egalitarian concerns have shaped many human small-scale soci- 
eties****, For example, sharing of large hunted game across families 
seems to have been the rule rather than the exception in small-scale 
societies, and egalitarian sentiments also play a part in contemporary 
large-scale societies**. The important role of egalitarian sentiments in 
human evolutionary history raises the possibility that there may have 
been cultural or even genetic transmission that favours egalitarian 
behaviours. In fact, recent evidence from behavioural genetics sug- 
gests that egalitarian behaviour in the ultimatum game has a genetic 
component*’. 

The simultaneous development of altruistic behaviour and paro- 
chialism and the gender differences in parochialism are also interest- 
ing in view of evolutionary theories that predict that the same 
evolutionary process“ jointly determines human altruism and paro- 
chialism, meaning that these traits co-evolve in such a way that either 
both or neither of them evolves. According to the theory, the driving 
force behind this evolutionary process is frequent intergroup 
conflict. Because mainly males were involved in intergroup fights, it 
seems possible that evolution favoured a gender bias in parochialism. 
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Figure 4 | Gender differences in parochial egalitarianism in the envy game 
where the child could choose between (1,1) and (1,2). a, b, The propensity 
of boys (a) and girls (b) for egalitarian choices in the ingroup (grey dashed 
line) and outgroup (black solid line) condition. The difference between 
ingroup and outgroup condition is large for boys but virtually absent 

for girls. 
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In fact, a payoff advantage relative to the outgroup may have been 
particularly advantageous for males because it strengthened the 
ingroup’s position in intergroup conflicts. Males bore the main cost 
of intergroup conflict in terms of injuries and deaths and often gained 
more than females in the case of victory because of the increase in the 
pool of potential mating partners*’. Thus, evolution may have 
favoured a greater sensitivity in males for payoff advantages relative 
to outgroup members. In view of this prediction, we find it notable 
that boys showed a much stronger ingroup bias than girls in the envy 
game. 

These potential evolutionary roots of human egalitarianism and 
parochialism do not preclude culture and socialization from playing 
an important part in other-regarding preferences; they may even be a 
main factor in their evolution®*’. As the children move from an 
informal playgroup to kindergarten and then on to formal schools, 
they may learn that equality is a rule that the authorities (for example, 
the teachers) endorse. Thus, the children probably acquire some of 
the normative rules of the society which surrounds them during the 
age period on which we focused”. In this context, it is interesting that 
the motive to increase the partner’s payoff declined strongly between 
ages 3 and 8, whereas egalitarian behaviour strongly increased in this 
age period (Fig. 2), providing a hint about the content of the norm- 
ative rule they acquired. The children may also become more sens- 
itive with regard to the opinions of others about themselves, a 
cognition which requires the ability to understand that one’s actions 
affect what other people believe about oneself. Recent evidence indi- 
cates that adult humans care even about what anonymous others may 
think about them**”’. Theory-of-mind and perspective-taking abil- 
ities are certainly conducive to such social cognitions. Therefore, if 
older children care about what anonymous others think about them, 
they may be more prone to behave in a normatively appropriate way 
because—owing to their age—they are more likely to have theory-of- 
mind and perspective-taking abilities*””®. 

Our results also indicate that important inter-species differences 
occur in other-regarding preferences when compared to the patterns 
observed in chimpanzees****” and marmosets”®. In the prosocial 
game, adult chimpanzees, who could allocate food in a face-to-face 
interaction to a familiar recipient, did not show a significant pref- 
erence for the (1,1) choice?****’, whereas most of the children 
develop a preference for the egalitarian choice in this game even 
though their partner is anonymous. Furthermore, as the sharing 
game indicates, many children at age 7-8 are also willing to share 
with an anonymous ingroup member. The facts in the envy game also 
contrast sharply with experimental findings in both chimpanzees and 
marmosets. The children developed a widespread aversion against 
disadvantageous inequality, whereas chimpanzees have been shown 
to be unwilling to take actions to remove inequality between them- 
selves and a conspecific”, and marmosets even tend to take actions 
that generate disadvantageous inequality for themselves if the action 
provides food for the partner’®. In view of the decisive role of other- 
regarding preferences for a species ability to achieve large-scale coop- 
eration, the observed inter-species differences are probably import- 
ant in explaining why humans are so exceptionally cooperative. 


METHODS SUMMARY 


Each child played all three games against anonymous partners. To avoid satiation 
effects, three different currencies (smarties, jellybabies and fizzers) were used in 
randomized order in the three games. In each game, subjects had two mutually 
exclusive choices that were represented with two cardboards; we drew two circles 
with arrows on each (see Supplementary Fig. 1). One arrow pointed to the 
decision maker, illustrating that the sweets in that circle goes to him or her, 
whereas the other arrow pointed to a group photo which had been made earlier. 
In the ingroup condition, the group photo showed the members of the child’s 
playgroup, kindergarten or school, whereas it showed the members of a different 
playgroup, kindergarten or school in the outgroup condition. The photos were 
used to communicate the partner’s ingroup or outgroup status to the children in 
the game. Depending on whether the ingroup or the outgroup condition applied, 
the decision maker was told that the sweet(s) in the other circle (if there were any 
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in that circle) would be given to one of the children on the ingroup photo or 
outgroup photo, respectively. If there was no sweet in the circle, it was made clear 
to the child that the choice of the corresponding cardboard indicates that the 
partner would receive nothing. We also controlled for the spatial assignment of 
the different alternative. In the prosocial game, for example (shown in 
Supplementary Fig. 1), the alternative (1,1) was randomly assigned to the left 
or right side. Thus, preferences for left or right cannot explain any of our find- 
ings. We also made it clear to the children that neither other children nor their 
parents or teachers will be informed about their decisions (see Supplementary 
Methods). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 12 March; accepted 6 June 2008. 


1. Bowles, S. Microeconomics: Behavior, Institutions and Evolution 93-126 (Princeton 
Univ. Press, 2004). 
2. Boyd,R.T. & Richerson, P. The Origin and Evolution of Cultures (Oxford Univ. Press, 
2005). 
3. Fehr, E. & Schmidt, K. M. A theory of fairness, competition, and cooperation. Q. J. 
Econ. 114, 817-868 (1999). 
4. Fowler, J. H., Johnson, T. & Smirnov, O. Human behaviour: Egalitarian motive and 
altruistic punishment. Nature 433, E1 (2007). 
5. Dawes, C. T. et al. Egalitarian motives in humans. Nature 446, 794-796 (2007). 
6. Falk, A. & Fischbacher, U. A theory of reciprocity. Games Econ. Behav. 54, 293-315 
(2006). 
7. Fehr, E. & Gachter, S. Altruistic punishment in humans. Nature 415, 137-140 
(2002). 
8. Gurerk, O., Irlenbusch, B. & Rockenbach, B. The competitive advantage of 
sanctioning institutions. Science 312, 108-111 (2006). 
9. Hauert, C. et al. Via freedom to coercion: The emergence of costly punishment. 
Science 316, 1905-1907 (2007). 
0. Fong, C., Bowles, S. & Gintis, H. in Handbook on the Economics of Giving, Reciprocity, 
and Altruism (eds Kolm, S.-C. & Ythier, J. M.) (Elsevier, 2006). 
1. Milinski, M., Semmann, D. & Krambeck, H. J. Reputation helps solve the ‘tragedy 
of the commons’. Nature 415, 424-426 (2002). 
2. Brown, M., Falk, A. & Fehr, E. Relational contracts and the nature of market 
interactions. Econometrica 72, 747-780 (2004). 
3. Nowak, M. A. & Sigmund, K. Evolution of indirect reciprocity. Nature 437, 
1291-1298 (2005). 
4. Rockenbach, B. & Milinski, M. The efficient interaction of indirect reciprocity and 
costly punishment. Nature 444, 718-723 (2006). 
5. Harbaugh, W. T. & Krause, K. Children’s altruism in public good and dictator 
experiments. Econ. Ing. 38, 95-109 (2000). 
6. de Quervain, D. J.-F. et al. The neural basis of altruistic punishment. Science 305, 
1254-1258 (2004). 
7. Sutter, M. Outcomes versus intentions: On the nature of fair behavior and its 
development with age. J. Econ. Psychol. 28, 69-78 (2007). 
8. Sutter, M. & Kocher, M. G. Trust and trustworthiness across different age groups. 
Games Econ. Behav. 59, 364-382 (2007). 
9. Benenson, J. F., Pascoe, J. & Radmore, N. Children’s altruistic behavior in the 
dictator game. Evol. Hum. Behav. 28, 168-175 (2007). 
20. Fliessbach, K. et al. Social comparison affects reward-related brain activity in the 
human ventral striatum. Science 318, 1305-1308 (2007). 
21. Cesarini, D. et al. Heritability of cooperative behavior in the trust game. Proc. Natl 
Acad. Sci. USA 105, 3721-3726 (2008). 
22. Ellingsen, T. & Johannesson, M. Anticipated verbal feedback induces altruistic 
behavior. Evol. Hum. Behav. 29, 100-105 (2008). 
23. Silk, J. B. et al. Chimpanzees are indifferent to the welfare of unrelated group 
members. Nature 437, 1357-1359 (2005). 
24. Jensen, K., Hare, B., Call, J. & Tomasello, M. What's in it for me? Self-regard 
precludes altruism and spite in chimpanzees. Proc. Biol. Sci. 273, 1013-1021 (2006). 
25. Jensen, K., Call, J. & Tomasello, M. Chimpanzees are rational maximizers in an 
ultimatum game. Science 318, 107-109 (2007). 
26. Burkart, J.M., Fehr, E., Efferson, C. & van Schaik, C. P. Other-regarding preferences 
in a non-human primate: Common marmosets provision food altruistically. Proc. 
Natl Acad. Sci. USA 104, 19762-19766 (2007). 


ARTICLES 


27. Vonk, J. et al. Chimpanzees do not take advantage of very low cost opportunities 
to deliver food to unrelated group members. Anim. Behav. 75, 1757-1770 (2008). 

28. Turiel, E. in Handbook of Child Psychology Vol. 3 (eds Damon, W. & Eisenberg, N.) 
863-932 (Wiley and Sons, 1998). 

29. Knight, G. P. & Kagan, S. Development of prosocial and competitive behaviors in 
anglo-american and mexican-american children. Child Dev. 48, 1385-1394 
(1977). 

30. Eisenberg, N. & Mussen, P. H. The Roots of Prosocial Behavior in Children 
(Cambridge Univ. Press, 1989). 

31. Thompson, C., Barresi, J. & Moore, C. The development of future-oriented 
prudence and altruism in preschoolers. Cogn. Dev. 12, 199-212 (1997). 

32. Eisenberg, N. & Fabes, R. A. in Handbook of Child Psychology Vol. 3 (eds Damon, W. 
& Eisenberg, N.) 701-778 (Wiley and Sons, 1998). 

33. Murnigham, J. K. Ultimatum bargaining by children and adults. J. Econ. Psychol. 19, 
415-445 (1998). 

34. Warneken, F. & Tomasello, M. Altruistic helping in human infants and young 
chimpanzees. Science 311, 1301-1303 (2006). 

35. Warneken, F. et al. Spontaneous altruism by chimpanzees and young children. 
PLoS Biol. 5, e184 (2007). 

36. Charness, G. & Rabin, M. Understanding social preferences with simple tests. 
Q. J. Econ. 117, 817-869 (2002). 

37. Goette, L., Huffman, D. & Meier, S. The impact of group membership on 
cooperation and norm enforcement: Evidence using random assignment to real 
social groups. Am. Econ. Rev. 96, 212-216 (2006). 

38. Bernhard, H., Fischbacher, U. & Fehr, E. Parochial altruism in humans. Nature 442, 
912-915 (2006). 

39. Shinada, M., Yamagishi, T. & Ohmura, Y. False friends are worse than bitter 
enemies: “Altruistic” punishment of in-group members. Evol. Hum. Behav. 25, 
379-393 (2004). 

40. Choi, J. K. & Bowles, S. The coevolution of parochial altruism and war. Science 318, 

636-640 (2007). 

41. Van Lange, P. A. M. The pursuit of joint outcomes and equality in outcomes: An 

integrative model of social value orientation. J. Pers. Soc. Psychol. 77, 337-349 

(1999). 

42. Falk, A., Fehr, E. & Fischbacher, U. Driving forces behind informal sanctions. 

Econometrica 73, 2017-2030 (2005). 

43. Boehm, C. Egalitarian behavior and reverse dominance hierachy. Curr. Anthropol. 

34, 227-254 (1993). 

44. Boehm, C. Impact of the human egalitarian syndrome on darwinian selection 

mechanics. Am. Nat. 150, S100-S121 (1997). 

45. Wallace, B., Cesarini, D., Lichtenstein, P. & Johannesson, M. Heritability of 

ultimatum game responder behavior. Proc. Natl Acad. Sci. USA 104, 15631-15634 

(2007). 

46. Chagnon, N. A. Life histories, blood revenge, and warfare in a tribal population. 

Science 239, 985-992 (1988). 

47. Henrich, J. et al. “Economic man” in cross-cultural perspective: behavioral 

experiments in 15 small-scale societies. Behav. Brain Sci. 28, 795-855 (2005). 

48. Dana, J., Cain, D. M. & Dawes, R. M. What you don’t know won't hurt me: Costly 

(but quiet) exit in dictator games. Organ. Behav. Hum. Decis. Process. 100, 193-201 

(2006). 

49. Ellingsen, T. & Johannesson, M. Paying respect. J. Econ. Perspect. 21, 135-149 
(2007). 

50. Wellman, H. M., Cross, D. & Watson, J. Meta-analysis of theory-of-mind 
development: The truth about false belief. Child Dev. 72, 655-684 (2001). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements This paper is part of the Research Priority Program 
‘Foundations of Human Social Behaviour—Altruism versus Egoism’ at the 
University of Zurich and of the Swiss National Competence Center in research on 
affective sciences, which is financed by the Swiss National Science Foundation. We 
also thank N. Kessler for her research assistance during the conduct of the 
experiments. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. Correspondence and requests for materials should be 
addressed to E.F. (efehr@iew.uzh.ch) or B.R. (bettina.rockenbach@uni-erfurt.de). 


1083 


©2008 Macmillan Publishers Limited. All rights reserved 


doi:10.1038/nature07155 


METHODS 

Subjects. We recruited young children (3-8-yr-old) from playschools, kinder- 
gartens and first grades for our experiments. We received permission for the 
experiments from the school president, the school board, the teachers and the 
parents. Of the parents that we asked, 92% agreed so that a total of 229 children 
participated in the study: 62 children from playschools, 75 from kindergartens 
and 92 children from grade one. The children live in Rapperswil-Jona, a small 
city in the canton of St Gallen, Switzerland. Two women aged between 20 and 25 
conducted the experiment. The experimental instructions are reproduced in the 
Supplementary Information. 

Experimental procedures. Each child played the prosocial game, the envy game 
and the sharing game against anonymous partners. The order of the games was 
counterbalanced across subjects. The partners came either from the ingroup 
(same playschool, kindergarten or school) or from an outgroup (a different 
playschool, kindergarten or school). 

Payoffs. We needed an experimental currency desirable for the younger and 
older children in our sample. Therefore we decided to use various sweets. To 
avoid satiation effects, a different currency was used in each of the three games 
(smarties, jellybabies or fizzers), and these were randomized across games. Before 
the experiment started, we asked each child whether he or she likes those sweets 
(all of them did). At the end of all three treatments we asked each child whether 
they liked all three sweets the same or whether they liked one more than the 
other. If they indicated that they liked some of the sweets more than the others we 
asked which they liked the most and least (see Supplementary Information). The 
average ‘liking rates’ of the different currencies were identical. Moreover, we 
asked the parents to rate on a 7-point scale how much their children value the 
sweets and their answers showed that our currencies provide equally strong 
incentives for the children across all ages. 

The choice situation. To ensure that the children could easily understand the 
choice problem, we used a set up that made the two available choices transparent. 
The two mutually exclusive choices were represented with two cardboards; we 
drew two circles with arrows on each (see Supplementary Fig. 1). One arrow 
pointed to the decision maker, illustrating that the sweet in that circle goes to him 
or her, whereas the other arrow pointed to a group photo which had been made 
earlier. In the ingroup condition, the group photo showed the members of the 
child’s playgroup, kindergarten or school, whereas it showed the members of a 
different playgroup, kindergarten or school in the outgroup condition. The 
photos were used to communicate the partner’s ingroup or outgroup status to 
the children in the game. Depending on whether the ingroup or the outgroup 
condition applied, the decision maker was told that the sweet(s) in the other 
circle (if there were any in that circle) would be given to one of the children on the 
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ingroup photo or outgroup photo, respectively. If there was no sweet in the 
circle, it was made clear to the child that the choice of the corresponding card- 
board implies that the partner would receive nothing. The advantage of this 
design is that the same procedure can be used for the ingroup and the outgroup 
condition, and that the children can grasp the partner’s ingroup or outgroup 
status very easily. In fact, many children across all ages immediately expressed 
their knowledge of the children on the photo, that is, they spontaneously indi- 
cated that they knew or did not know the children in the photo. On the basis of 
this spontaneous insight, it was then easy to explain that the partner will be a 
member of the child’s group or the member of another group. 

We also controlled for the spatial assignment of the different alternatives. In 
the prosocial game, for example, which is shown in Supplementary Fig. 1 
(Supplementary Methods), the alternative (1,1) was randomly assigned to be 
on the left or the right side. Thus, preferences for left or right cannot explain any 
of our findings. We also made it clear to the children that neither other children 
nor their parents/teachers would be informed about their decisions. 

Before a child played a game we ensured that he or she fully understood the 

game situation (that is, the available choices, the implications of different choices 
for the allocation of currencies for ‘self and ‘partner’, the partner’s ingroup— 
outgroup status, and so on). The subjects had to answer several questions for this 
purpose (Supplementary Methods). Only three children had problems in 
answering these questions, which shows that we successfully implemented the 
three games even for the youngest participants in the sample. The three children 
who could not answer correctly were excluded from the data analyses (229 is the 
number of children who correctly answered the questions). Once the children 
had answered the questions correctly, they were asked to make a decision in the 
first game before the second game was presented and explained. Because we 
ensured that the children understood the payoff implications of the two available 
choices very well and because it was clear that the choices were mutually exclusive 
(that is, only one cardboard could be chosen), the children did not make mis- 
takes while choosing, for example, by indicating that they wanted to choose both 
cardboards. Nor did any children reverse their opinion during the choice pro- 
cess, that is, children who first chose one cardboard but later switched to the 
other. 
Questionnaire. After all children had participated in the experiment we sent the 
parents a questionnaire in which we asked them about characteristics of their 
child, such as whether he or she can easily imagine how other children feel 
(‘empathy’), whether there are siblings, the birth order, who primarily cares 
for the child during the day, the number of regular playmates, and so on. We 
sent 198 questionnaires to the parents and 161 questionnaires were sent back. 
The questionnaire is reprinted in the Supplementary Information. 
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Major viral impact on the functioning of 
benthic deep-sea ecosystems 


Roberto Danovaro', Antonio Dell'Anno’, Cinzia Corinaldesi’, Mirko Magagnini’, Rachel Noble’, 


Christian Tamburini? & Markus Weinbauer* 


Viruses are the most abundant biological organisms of the world's oceans. Viral infections are a substantial source of 
mortality in a range of organisms—including autotrophic and heterotrophic plankton—but their impact on the deep ocean 
and benthic biosphere is completely unknown. Here we report that viral production in deep-sea benthic ecosystems 
worldwide is extremely high, and that viral infections are responsible for the abatement of 80% of prokaryotic heterotrophic 
production. Virus-induced prokaryotic mortality increases with increasing water depth, and beneath a depth of 1.000 m 
nearly all of the prokaryotic heterotrophic production is transformed into organic detritus. The viral shunt, releasing on a 
global scale ~0.37-0.63 gigatonnes of carbon per year, is an essential source of labile organic detritus in the deep-sea 
ecosystems. This process sustains a high prokaryotic biomass and provides an important contribution to prokaryotic 
metabolism, allowing the system to cope with the severe organic resource limitation of deep-sea ecosystems. Our results 
indicate that viruses have an important role in global biogeochemical cycles, in deep-sea metabolism and the overall 


functioning of the largest ecosystem of our biosphere. 


Viruses are by far the most abundant ‘life forms’ in the world’s oceans 
(approximately 4 X 10°° viruses), exceeding prokaryotic abundance 
by at least one order of magnitude'’. Increasing evidence indicates 
that viral infection may be responsible for the high mortality of 
autotrophic and heterotrophic organisms in surface oceans*, with 
cascading effects on carbon cycling and nutrient regeneration®”. Viral 
lysis of infected microbes transforms their cell contents and biomass 
into organic detritus (both dissolved and particulate), which can then 
be used again by non-infected prokaryotes (that is, viral shunt)'**. 
This process supports prokaryotic heterotrophic production, but it 
also decreases the efficiency of the carbon transfer to higher trophic 
levels® and influences the carbon budget of the oceans, thereby modi- 
fying the amount of carbon transferred by sinking particles from the 
surface waters towards the ocean floor’. Therefore, the integration of 
the viral component into trophodynamic and biogeochemical mod- 
els is of primary importance for an improved understanding of the 
function of the world’s oceans’. 

Deep-sea ecosystems cover about 65% of the Earth’s surface and 
play an important part in biomass production and biogeochemical 
cycles on a global scale’. These processes are largely mediated by 
benthic prokaryotes, which use organic detritus for biomass produc- 
tion and respiration'®. Deep-sea ecosystems are dark and extreme 
environments that lack photosynthetic primary production, depend 
on the carbon export from the surface oceans and are characterized 
by severe organic nutrient limitation’. The biomass of all faunal 
components decreases exponentially with increasing water depth", 
but this does not apply to benthic prokaryotic biomass'', which also 
has a relatively high metabolic rate’*. Prokaryotic biomass, in the top 
10-cm of deep-sea sediments, is approximately 160 Pg, which is equi- 
valent to 30%—45% of the total microbial carbon on Earth’*. The 
huge, nitrogen- and phosphorus-rich, prokaryotic biomass repre- 
sents a potentially enormous and high quality food source for benthic 


consumers in deep-sea ecosystems", but in situ experiments suggest 
that prokaryotic biomass does not contribute significantly to the 
food requirements of higher trophic levels'’. The high prokaryotic 
biomass in food-limited deep-sea ecosystems and the non-use of this 
component represent two unsolved paradoxes of the deep oceans. 


Viruses in benthic deep-sea ecosystems 


We report here that viral abundance in surface sediments (top 
1-cm) worldwide is high at all depths, from the shelf-break down 
to the abyssal sediments (range, 0.10-3.53 X 10°g7'; mean, 
0.96 X 10°g-' (Supplementary Table 1), which are equivalent to 
0.83-28.2 X 10’? virusesm * with a mean of 7.65 + 0.32 X 10’ 
virusesm~*; Fig. la), with values similar to those reported for 
coastal sediments'®’”. A high viral abundance in deep-sea sediments 
could be due to the supply of virioplankton adsorbed onto sinking 
particles'® and/or to the high in situ viral production rates'*'”. We 
found that the downward flux of viruses associated with settling 
particles to the deep sea was extremely low (Supplementary Table 
2), whereas direct measurements, on the basis of different independ- 
ent approaches, indicate that viral production rates in deep-sea 
sediments are consistently high, and that viruses are produced in 
situ (Fig. 1b and Supplementary Figs 2 and 3). 

Further experiments conducted in both in situ pressure and 
decompressed samples indicated that >99% of the prokaryotic infec- 
tions are lytic, both in deep-sea sediments and at the benthic bound- 
ary layer (Supplementary Fig. 4). Deep-benthic viruses are therefore 
functionally active and are capable of killing the infected prokaryotes. 
We also estimated the burst size of prokaryotes (defined as the num- 
ber of viruses that cause the lysis of the host cell) in deep-sea sedi- 
ments using different independent approaches, which ranged from 
11 to 106 (mean of time course experiments, 45; median, 38; 
Supplementary Table 3 and Supplementary Fig. 5). 


Department of Marine Science, Faculty of Science, Polytechnic University of Marche, Via Brecce Bianche, 60131 Ancona, Italy. “Institute of Marine Sciences, The University of North 
Carolina at Chapel Hill, 3431 Arendell Street, Morehead City, North Carolina 28557, USA. *Université de la Méditerranée, Centre d'Océanologie de Marseille, UMR 6117-CNRS, 
Campus de Luminy, Case 901, 163 Avenue de Luminy, 13288 Marseille, Cedex 9, France. “CNRS; Microbial Ecology & Biogeochemistry Group, Laboratoire d'Océanographie de 
Villefranche, 06234 Villefranche-sur-Mer, France, Université Pierre et Marie Curie-Paris 6, Laboratoire d’'Océanographie de Villefranche, 06234 Villefranche-sur-Mer, France. 
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Changes in hydrostatic pressure can alter the physiological status 
of the prokaryotes'?*', thus potentially influencing viral production 
measurements. Analyses of viral and prokaryotic production in deep- 
sea sediment samples at in situ, decompressed (at 0.1 MPa) and re- 
pressurized conditions (see Supplementary Methods for details) 
demonstrated that production rates are not significantly influenced 
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Figure 1| Bathymetric patterns of viruses and prokaryotes in deep-sea 
sediments worldwide. Reported are the viral abundance (a; expressed as the 
number of viruses per m”), the prokaryotic abundance (b; expressed as the 
number of prokaryotes per m7’), the viral production (¢; expressed as the 
number of viruses produced per m” per h), and the prokaryotic 
heterotrophic production (d; expressed as mgCm “h '), Data originate 
from the Atlantic Ocean (temperate systems), the South Pacific Ocean 
(tropical warm systems), the western and eastern Mediterranean Sea 
(temperate warm systems) and the Black Sea (anoxic system). 
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by deep-sea sample recovery (Supplementary Figs 6 and 7), allowing 
the conclusion that the high viral production rates are not due to 
artefacts. 

Combining values of viral production and viral abundance in 
deep-sea sediments, we conclude that deep-sea viriobenthos is a 
highly dynamic and active component of deep-sea ecosystems, with 
a viral turnover (range, 0.15-8.2 d-!, mean, 1.7+0.1 d_!) com- 
parable to, or higher than, that reported for highly productive aquatic 
ecosystems'®, 


Virus-induced prokaryotic mortality 


Viral abundance and production did not change significantly with 
water depth, even when latitude, longitude and sampling time were 
included as covariates in the statistical analyses (Supplementary 
Table 4). However, viral and prokaryotic abundance (Fig. la, c) 
covaried across a wide range of depths and environmental conditions 
(Fig. 2a). Also, viral production and prokaryotic heterotrophic pro- 
duction (Fig. 1b, d) were significantly and positively related (Fig. 2b). 
These positive relationships suggest a dependence of viral replication 
on the host abundance and metabolism, and indicate that the 
observed variability across depths is not due to a methodological 
artefact. Thus, our data confirm the emerging view that deep-sea 
benthic ecosystems are more dynamic than previously thought” 
and suggest that the extreme conditions of the deep oceans are not 
hostile for viral development. 

We estimated the impact of viruses on benthic prokaryotic pro- 
duction, calculating the number of prokaryotes killed as the ratio 
between viral production and prokaryotic burst size. Using the mean 
burst size of the time course experiments (burst size of 45) we calcu- 
lated that viruses are responsible for the abatement of 80% of the total 
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Figure 2 | Relationships between viruses and prokaryotes in deep-sea 
sediments worldwide. Reported are the relationship between viral and 
prokaryotic abundance (a; regression equation: y = 1.19x +3.63 x 108; 

n= 206, R* = 0.56, P< 0.001), and the relationship between viral and 
prokaryotic production (b; regression equation: 

y=1.71 x 10°x+9.89 x 10°; n = 186, R* = 0.57, P< 0.001). Data originate 
from the Atlantic Ocean (temperate systems), the South Pacific Ocean 
(tropical warm systems), the western and eastern Mediterranean Sea 
(temperate warm systems) and the Black Sea (anoxic system). 


1085 


©2008 Macmillan Publishers Limited. All rights reserved 


ARTICLES 


prokaryotic heterotrophic production in global deep-sea sediments. 
Virus-induced prokaryotic mortality increases with water depth 
from 16% + 3% (mean +s.e.m., 1=11) in coastal sediments to 
64% +3% in mesopelagic sediments (>160-1,000-m depth, 
n= 41) to 89% + 2% in sediments beneath 1,000-m depth (n= 67; 
Fig. 3). These are conservative estimates, as the use of the mean or 
median burst sizes obtained from the three independent approaches 
(burst sizes of 37 or 33, respectively; Supplementary Table 3), or the 
values of burst sizes frequently used in the literature (20-30)”’, would 
result in the abatement of ~90% or more of the global prokaryotic 
carbon production. 

These results indicate that viruses are the main agents of mortality 
of prokaryotes in deep-sea sediments worldwide, and determine the 
shunt of most of the prokaryotic carbon production into organic 
detritus. This finding has important implications for the comprehen- 
sion of food webs and biogeochemical processes in deep-sea ecosys- 
tems. Viruses, killing most of the prokaryotes produced, drastically 
reduce the microbial biomass potentially available to higher trophic 
levels in deep-sea sediments. These results help to explain the para- 
dox of deep-sea ecosystems in which prokaryotic biomass is largely 
unused by deep-sea fauna, despite severe food limitation”. 


Implications on ecosystem functioning 

The amount of organic resources in the deep sea is typically extremely 
low (organic carbon concentrations are 10-20 times lower than in 
coastal systems), mostly composed of refractory compounds” and 
could represent a limiting factor for prokaryotic metabolism and 
turnover**”*. There is evidence to suggest that intracellular material 
released by viral lysis can be an important and readily bioavailable 
organic source for prokaryotes*®. The significant relationship 
between the release of carbon from prokaryotic lysis and prokaryotic 
turnover in deep-sea sediments reported here (Fig. 4) suggests that a 
stronger viral shunt is associated with higher prokaryotic growth 
rates. This relationship allows us to speculate that the viral shunt, 
on the one hand, kills an important fraction of benthic prokaryotes 
and reduces the competition for available resources and, on the 
other, generates labile, highly bioavailable material and stimulates 
the metabolism of uninfected deep-sea prokaryotes. These results 
contribute to explaining the paradox of a fast prokaryotic turnover 
in food-limited, deep-sea ecosystems. 
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Figure 3 | Bathymetric patterns of virus-induced prokaryotic mortality. 
The virus-induced prokaryotic mortality was calculated as the number of 
cells killed divided by the total number of prokaryotes produced per hour, 
and expressed as a percentage. The regression equation is 

y =14.46ln(x) — 24.98; n = 119, R? = 0.686, P < 0.001. Data from coastal 
sediments (green diamonds) are derived from the literature’”**”’. Data for 
mesopelagic (grey squares), and bathyal and abyssal sediments (red circles) 
originate from the Atlantic Ocean (temperate systems), the South Pacific 
Ocean (tropical warm systems), the western and eastern Mediterranean Sea 
(temperate warm systems) and the Black Sea (anoxic system). 
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Figure 4 | Relationship between carbon released by viral lysis of 
prokaryotic biomass (viral shunt) and by prokaryotic turnover. 
Prokaryotic turnover was expressed per day. The regression equation is: 

y =0.0065x+ 0.034; n = 63, R* = 0.391, P< 0.01. Data originate from the 
Atlantic Ocean (temperate systems), the South Pacific Ocean (tropical warm 
systems), the western and eastern Mediterranean Sea (temperate warm 
systems) and the deep Black Sea (anoxic system). 


The release of labile organic material from killed prokaryotic cells 
has important implications for carbon cycling and nutrient regen- 
eration on a global scale. We estimate that the viral shunt, on a global 
scale, can release from ~0.37 Gt Cyr’ | (the most conservative estim- 
ate on the basis of the highest value of burst size) to 0.63 Gt Cyr’ | (if 
a burst size of 45 is used). Therefore, the viral shunt is an essential 
source of labile organic compounds to deep-sea ecosystems. Using 
conservative conversion factors", we estimate that the organic car- 
bon supplied by viral shunt contributes to around 35% of the total 
benthic prokaryotic metabolism, increases their turnover and pro- 
motes the recycling of key elements (including nitrogen and phos- 
phorus associated with prokaryotic biomass). Given the global 
relevance of biogeochemical processes occurring in deep-benthic 
ecosystems", our results indicate that the deep-sea viral shunt is a 
crucial process, so far neglected, which has to be included in global 
models of carbon, nitrogen and phosphorus cycling and nutrient 
flows. 

We conclude that viral infection has an important part in the 
functioning of the largest ecosystem of the biosphere by controlling 
benthic prokaryotic biomass (top down, predatory control), by 
stimulating prokaryotic metabolism (bottom-up mechanism), and 
by accelerating biogeochemical processes. 


METHODS SUMMARY 


We collected a data set of 232 deep-sea sediment samples and measured the 
impact of viruses on deep-sea benthic prokaryotes and biogeochemical cycles. 
Our data cover latitudes from 79°N to 34°S, and all depths from 165m to 
5,571m (sampling location and details on the data set is provided in 
Supplementary Table 1 and Fig. 1), and include deep-sea sites spanning a wide 
range of bottom-water temperatures and trophic conditions. Measurements of 
viral and prokaryotic abundance and production were carried out synoptically 
on the same samples and by using the same protocols for the entire data set, thus 
ensuring methodological consistency. 

Viral and prokaryotic abundances in deep-sea sediments were determined by 
epifluorescence microscopy using highly sensitive fluorochromes. For the deter- 
mination of viral production, two different procedures were applied and com- 
pared. The first is based on a dilution technique of samples with virus-free sea 
water, and allows the determination of viral production on the basis of the 
increase in viral number over time. The second is based on the use of *H- 
thymidine, and allows the determination of viral production through the assess- 
ment of the incorporation rates of radiolabelled substrates into viral genomes. 
Radiolabelled substrates were also used to determine prokaryotic heterotrophic 
carbon production. To substantiate the measurements of viral and prokaryotic 
heterotrophic carbon production carried out at 0.1 MPa, further experiments 
were carried out under in situ pressure conditions using ad hoc high pressure 
sampling devices. The ratio between viral production and prokaryotic burst 
size (estimated using three independent approaches) was used to estimate the 
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prokaryotic mortality induced by viruses. Finally, the relative importance of 
lysogenic infections was investigated by time course experiments of deep-sea 
samples previously treated with specific agents inducing the lytic cycle. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Sampling sites and sampling strategy. Sampling was carried out in the Atlantic 
Ocean (~30% of the investigated sites), the Pacific Ocean (~25%), the 
Mediterranean Sea (~42%) and the Black Sea (~3%). Overall, 38% of the 
sampling sites were located between depths of 165m and 1,000 m, 35% were 
between depths of 1,000m and 3,000 m, and 27% were between depths of 
3,000 m and 5,571 m. Details of the materials and methods used in the present 
study are reported in the Supplementary Information. 

Viral abundance, production and lysogenic fraction. For the determination of 
viral abundance, fresh and unpreserved sediments were processed immediately 
after retrieval to minimize viral loss due to the use of preservatives (for example, 
formaldehyde)*°. Viral abundances were determined by epifluorescence 
microscopy after extraction of benthic viruses from the sediments and sub- 
sequent staining with SYBR Green I (ref. 29). Viral abundance was normalized 
to gram of sediment dry weight after desiccation (60 °C, 24h) and converted in 
surface units (virusesm *), assuming a constant value of 1.8gcm™° for the 
sediment dry bulk density. 

Viral production in deep-sea sediment samples was determined by the dilu- 
tion technique*’*! (see Supplementary Methods for details). This technique has 
been the most widely used so far in benthic environments (thus enabling a 
comparison with available data) and has the advantage of minimizing the impact 
of protozoan and/or faunal grazing during the incubations'®. The reliability of 
the protocol was tested by comparing the results of viral production obtained 
using different sediment dilutions (1:2, 1:5, 1:10 (v/v) of sediment versus virus- 
free sea water; see Supplementary Methods), and by comparing the results of 
viral production acquired by the dilution technique with those obtained by the 
incorporation of *H-thymidine by deep-sea viruses*?"?. All incubations were 
carried out in the dark and at in situ temperature. The effects of pressure were 
tested for both techniques (dilution and *H-thymidine incorporation) by com- 
paring viral production from decompressed samples (0.1 MPa) with samples 
maintained at in situ pressure (Supplementary Figs 3 and 6). To estimate the 
lysogenic fraction among natural assemblages of deep-sea prokaryotes, we used 
one of the most widely used induction agents (mitomycin carbon’”™; 
Supplementary Methods). Deep-sea sediment samples were inoculated with 
mitomycin carbon and incubated at in situ pressure and temperature. 
Decompressed samples (0.1 MPa) were used as a control (Supplementary Fig. 4). 
Prokaryotic abundance, biomass and production. Prokaryotic abundance in 
deep-sea sediments was determined from the same sediment samples used for 
the viral counts. Prokaryotic cells were extracted from the sediments according 
to standard procedures, stained with SYBR Green I and counted by epifluores- 
cence microscopy~’ ~’. For the determination of the prokaryotic biomass, the cell 
biovolume was converted into carbon content assuming 310fgCum °* as a 
conversion factor™***. Prokaryotic abundance and biomass were normalized to 
sediment dry weight after desiccation (60 °C, 24h). Prokaryotic heterotrophic 
production in deep-sea sediments was determined by *H-leucine incorporation 
(up to 3h of incubation in the dark at in situ temperature)”. The effect of 
pressure on benthic prokaryotic heterotrophic production was tested using 
°H-thymidine incorporation’, synoptically with tests conducted for viral pro- 
duction and compared to decompressed and non-decompressed samples 
(Supplementary Fig. 7). 

Effects of pressure on viral and prokaryotic production. In 2005 and 2007, two 
series of independent experiments were conducted to test the effects of pressure 
on different microbial variables (that is, viral production, lysogenic fraction and 
prokaryotic heterotrophic production). In 2005, 500-ml high-pressure bottles 
were used for the sampling of the water-sediment interface (collected at 2,474 
and 3,526 m depth). Samples were incubated at in situ pressure and temperature 
conditions'””? with special attention to maintain the same pressure during the 
entire experiment (recovery, transfer and incubations). In 2007, sediment sam- 
ples were collected at 3,500 m depth by means of a multiple corer, retrieved on 
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board, immediately transferred in sterilized syringes and re-pressurized in high- 
pressure bottles, kept in the dark and under in situ temperature conditions for 
subsequent viral and prokaryotic production measurements (see details in 
Supplementary Methods). All variables were determined by time course experi- 
ments and, at each sampling time, aliquots of the incubated samples were with- 
drawn directly from the pressurized experimental system (see Supplementary 
Methods). For all experiments, extra samples were collected, using the same 
sampling equipments without pressurization for evaluating the effect of incuba- 
tion at 0.1 MPa on all of the measured microbial variables. 

Virus-induced prokaryotic mortality. The number of prokaryotes killed by 
viruses per gram of sediment per hour was calculated as the ratio between viral 
production (as the number of benthic viruses produced per gram of sediment per 
hour) and burst size (as the number of viruses released by cell lysis because of viral 
infection). Prokaryotic burst size was estimated using three independent 
approaches: (1) from time course experiments in which the increase of viral 
abundance with time was divided by the number of prokaryotic cells killed; (2) 
by applying a regression analysis between cell biovolume and burst size derived 
from the literature’’; and (3) using transmission electron microscopy for counting 
the number of phages in deep-sea benthic prokaryotic cells**. Details on the 
procedures are reported in Supplementary Information. The virus-induced pro- 
karyotic mortality was calculated as the number of cells killed divided by the total 
number of prokaryotes produced per hour, and expressed as a percentage”’. 
Statistical analyses. To test whether the investigated benthic microbial variables 
were influenced by water depth, latitude, longitude or sampling period, we 
carried out a multivariate multiple regression analysis. All analyses were done 
with the routine distance-based multivariate analysis for a linear model 
(DISTLM) forward, and the effects of depth, sampling time, longitude and 
latitude were included as covariates in the analyses. P values were obtained with 
4,999 permutations of residuals under the reduced model”. 
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Misfolded proteins partition between two 
distinct quality control compartments 


Daniel Kaganovich', Ron Kopito' & Judith Frydman’ 


The accumulation of misfolded proteins in intracellular amyloid inclusions, typical of many neurodegenerative disorders 
including Huntington's and prion disease, is thought to occur after failure of the cellular protein quality control mechanisms. 
Here we examine the formation of misfolded protein inclusions in the eukaryotic cytosol of yeast and mammalian cell culture 
models. We identify two intracellular compartments for the sequestration of misfolded cytosolic proteins. Partition of 
quality control substrates to either compartment seems to depend on their ubiquitination status and aggregation state. 
Soluble ubiquitinated misfolded proteins accumulate in a juxtanuclear compartment where proteasomes are concentrated. 
In contrast, terminally aggregated proteins are sequestered in a perivacuolar inclusion. Notably, disease-associated 
Huntingtin and prion proteins are preferentially directed to the perivacuolar compartment. Enhancing ubiquitination of a 
prion protein suffices to promote its delivery to the juxtanuclear inclusion. Our findings provide a framework for 
understanding the preferential accumulation of amyloidogenic proteins in inclusions linked to human disease. 


The strong correlation between the accumulation of aggregated pro- 
teins in amyloid inclusions and the onset of several neurodegenera- 
tive diseases calls for a better understanding of the mechanisms and 
functions of inclusion formation. Research indicating that soluble 
aggregation intermediates have a toxic ‘gain of function’ activity 
suggests that regulated formation of protein inclusions serves cyto- 
protective functions, such as sequestering misfolded species’, and it 
may also facilitate their clearance*'’. It is unknown whether inclu- 
sions contain only terminally aggregated proteins or whether they 
also sequester soluble misfolded conformations’*. Intriguingly, 
although all proteins can form amyloid-like inclusions after misfold- 
ing’, only a handful of proteins cause amyloidosis and disease’. In 
principle, these amyloidogenic disease-related proteins may interact 
differently with the cellular quality control machinery. Thus, 
characterization of the pathways leading to inclusion formation is 
critical for understanding the basis of protein conformation 
disorders. 

Cellular inclusions form in an organized process that seems to be 
conserved from yeast to mammalian cells**’°. Distinct inclusions 
with specific characteristics have been observed’*'®”’, including 
insoluble perinuclear inclusions (called aggresomes) that co-localize 
with the microtubule organizing centre”, perinuclear inclusions con- 
taining soluble endoplasmic reticulum associated protein degrada- 
tion (ERAD) substrates'**', and inclusions co-localizing with 
autophagic markers”"®. It is unclear whether all these observations 
pertain to the same compartment or what underlies the distinct 
solubility and long-term fates observed for different quality control 
substrates in these inclusions. 

Unlike amyloidogenic proteins, little is known about the fate of 
‘normal’ misfolded cytosolic globular proteins”*. Protein misfolding 
can arise as a consequence of stress-induced denaturation, destabiliz- 
ing missense mutations or lack of oligomeric assembly partners. To 
examine how cytosolic quality control proceeds in these different 
scenarios, we chose a panel of model substrates corresponding to 
each case (Fig. 1) and compared their fate to that of model amyloido- 
genic proteins (Fig. 2). Our findings show that the quality control 
machinery partitions misfolded proteins, on the basis of their 


ubiquitination state and solubility, among two distinct quality control 
compartments. Interestingly, amyloidogenic proteins are preferen- 
tially sorted to only one of these compartments. These distinct quality 
control compartments may represent two cellular strategies for the 
sequestration of aggregation prone, potentially toxic polypeptides. 


Two compartments for misfolded cytosolic proteins 


To determine the fate of cytosolic misfolded substrates, we initially 
followed a destabilized Ubc9 variant that misfolds above 30 °C (refs 
23, 24; Fig. 1a). Ubc9", fused to green fluorescent protein (GFP) to 
facilitate detection (GFP—Ubc9"), was expressed under the control of 
a galactose-regulated promoter. Glucose addition repressed expres- 
sion, allowing us to follow the fate of GEP—Ubc9"* from the earliest 
stages of protein misfolding after shift to 37 °C (Fig. la). At permis- 
sive temperatures, GFP—Ubc9"* was native and diffuse, similar to 
wild-type GFP—Ubc9 (Fig. 1b, 0 min, compare with wild type panel 
120 min). GFP-Ubc9" misfolding led to degradation by the ubiqui- 
tin—-proteasome pathway, as reported for untagged Ubc9"* (Fig. 1b, 
compare 5 min and 60 min; and Fig. 1d, left panel)”***. During degra- 
dation we observed transient accumulation of Ubc9"* in distinct 
cytosolic puncta and inclusions that were eventually cleared (for 
example, Fig. 1b, 30 min and Fig. 1c). Most cells contained a juxta- 
nuclear inclusion as well as smaller puncta throughout the cytosol, 
whereas some cells contained only the juxtanuclear inclusion (Fig. 
1b, c). Impairment of proteasome-mediated degradation either in 
cim3-1 cells or by treatment with the proteasome inhibitor MG132 
stabilized GFP—Ubc9" and led to its reproducible accumulation in 
two distinct inclusions in virtually every cell (Fig. 1b, 60 min and 
120 min and Supplementary Fig. 1a). At early time points after mis- 
folding in proteasome-defective cells, GFP—Ubc9"* accumulated in 
structures resembling those observed during degradation in control 
cells (Fig 1b, compare 15 min and 30 min). Quantification indicated 
that the juxtanuclear inclusion formed first, closely followed by cyto- 
solic puncta (Fig. 1c). However, at later incubation times at 37 °C the 
juxtanuclear inclusion remained, but the puncta were no longer 
observed. Instead, a second large perivacuolar inclusion was now 
formed at the periphery of the cell (Fig. 1b, c). Once formed, both 
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inclusions persisted well beyond the time course shown in Fig. 1. 
Notably, formation of both inclusions was an active process, as it 
was reversibly inhibited by the microtubule-depolymerizing drug 
benomy] (Supplementary Fig. 2). These two inclusions may represent 
distinct compartments for the sequestration of misfolded proteins. 

We next examined other types of cytosolic quality control sub- 
strates. We initially followed the unassembled von Hippel-Lindau 
(VHL) tumour suppressor**®. VHL only folds after binding to its 
cofactor elongin BC” (Fig. 1d). Tumour-causing mutations impair- 
ing elongin BC binding, or expression in cells lacking elongin BC, 
lead to misfolded VHL ubiquitination and degradation” (Fig. 1d), 
resulting in reduced levels of diffuse fluorescence (Fig. le, compare 
left panel, misfolded without elongin BC, with right panel, folded 
VHL with elongin BC). Inhibition of the proteasome in cim3-1 cells 
(Fig. 1f), or with MG132 (Supplementary Fig. 1c), led to formation of 
a single juxtanuclear GFP—VHL inclusion. Importantly, proteasome 
impairment did not produce GFP—VHL inclusions under conditions 
leading to productive VHL folding (Fig. le, plus elongin BC, right 
panel). 

It was puzzling that at 30°C VHL consistently formed a single 
juxtanuclear inclusion whereas Ubc9" formed two distinct inclu- 
sions. Ubc9" destabilization requires thermal stress, hence formation 
of two inclusions might result from the increased load of denatured 
quality control substrates at 37 °C. Indeed, when unassembled VHL 
was expressed at 37°C it also accumulated in two inclusions as 
observed for Ubc9 (Fig. 1f, c). Three-dimensional fluorescence 
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Figure 1| A panel of quality control substrates defines two distinct 
compartments for the sequestration of misfolded cytosolic proteins. a, The 
temperature-sensitive mutant of Ubc9(Y68L) (Ubc9*) is folded and long- 
lived at 25 °C. After temperature shift to 37 °C, the Ubc9* protein misfolds 
and is degraded by the ubiquitin—proteasome pathway. b, Time-dependent 
changes in localization of folded and misfolded GFP—Ubc9 in wild-type 
(WT) and cim3-1 cells. Nuclei were visualized by co-expressing 
NLS-tdTomato (NLS—-TFP). Ubc9 expression was shut off by addition of 2% 
glucose before temperature shift in all experiments. ¢, Quantification of 
Ubc9* localization after misfolding in wild-type and cim3-1 cells. Graphs 
represent three separate experiments conducted as in b. The phenotypes (see 
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deconvolution microscopy demonstrated that the inclusions formed 
by VHL and Ubc9" overlap spatially in the same compartments 
(Fig. 1g and Supplementary Movie 1). 

A missense mutation of actin, actin(E364K), also degraded via the 
ubiquitin—proteasome pathway”, similarly accumulated in the same 
inclusions as Ubc9"* (Fig. 1g). As clearance of misfolded Ubc9, VHL 
and actin requires ubiquitination, we considered whether protea- 
some impairment or stress cause widespread aggregation of ubiqui- 
tinated proteins (Supplementary Fig. 1b). This is not the case, as 
native substrates of the ubiquitin—proteasome pathway’*, such as 
Arg—GFP (R-GFP), Ub-—G76A—GFP (Ub-GFP) and Degl—GFP 
(Supplementary Fig. 1b and data not shown), remained soluble 
and diffuse after proteasome impairment, even under conditions of 
stress (Supplementary Figs 1b and 3c). We conclude that different 
classes of misfolded cytosolic proteins are sequestered in two defined 
cellular inclusions, one juxtanuclear and one at the periphery of the 
cell. The juxtanuclear inclusion seems to form first and is more 
prevalent under normal cellular conditions. However, stress condi- 
tions lead to protein accumulation in the second peripheral inclu- 
sion. In principle, the differential partitioning of non-native quality 
control substrates between these two compartments may be deter- 
mined by a change in their intrinsic properties, such as aggregation 
state, or by their interaction with saturatable quality control compo- 
nents, or both. 

Weexplored the relationship between inclusions formed by disease- 
related amyloidogenic proteins and those characterized here for 
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panels) of 100 cells were scored at each time point. d, Quality control of the 
VHL tumour suppressor. VHL folds after elongin BC binding to form the 
VBC complex. In the absence of elongin BC, VHL is degraded by the 
ubiquitin—proteasome pathway”. e, VHL localization in wild-type and 
cim3-1 cells, and at 30 °C and 37 °C in cim3-1 cells (f). Two panels are shown 
for each experiment. g, Misfolded VHL, Ubc9 and actin co-localize in the 
same two inclusions. VHL tagged with mCherry (CHFP-VHL, red) with 
GFP—Ubc9* (green, upper panel) or with Actl-E364K—GFP (green, lower 
panel) in cim3-1 yeast, after 2h at 37 °C. Images collected as a Z-series and 
deconvoluted are shown as a two-dimensional projection. 


1089 


©2008 Macmillan Publishers Limited. All rights reserved 


ARTICLES 


misfolded cytosolic proteins (Fig. 2a—c). The relative spatial local- 
ization of the aggregates formed by glutamine-rich yeast prion pro- 
teins Rngl and Ure2, as well as polyQ expanded Huntingtin 
(HttQ103) relative to the Ubc9"* inclusions was determined by decon- 
volution microscopy. All the amyloidogenic proteins tested formed an 
inclusion that consistently co-localized with the perivacuolar peri- 
pheral inclusion of Ubc9" (Fig. 2a—c ; Supplementary Movie 2). We 
did not observe any cases of co-localization of either the prion proteins 
or Htt with the juxtanuclear inclusion. 

Unlike normal quality control substrates, amyloidogenic proteins 
(including Huntingtin (Htt) and prions) form large insoluble inclu- 
sions even in the absence of proteasome inhibition'®’*!””°. Thus, 
amyloidogenic proteins were also analysed in the absence of protea- 
some inhibition and under normal growth temperatures (Fig. 2d, e). 
Rnq1l, Ure2 and HttQ103 also accumulated under these normal con- 
ditions in aggregates localized exclusively in the peripheral compart- 
ment (Fig. 2d, e). Additionally, Rnq1 was also found in small puncta 
throughout the cell (Fig. 2a). The accumulation of amyloidogenic 
proteins in the peripheral inclusion in the absence of either stress or 
proteasome impairment (Fig. 2d, e) indicates that this compartment 
can also form under normal conditions. Notably, Rnq1 always sur- 
rounded the Ure2 and HttQ103 deposits (red fluorescence in Fig. 2d, 
e), suggesting that Rnq1 is targeted to this perivacuolar compartment 
with slower kinetics than the other amyloidogenic proteins. These 
observations suggest that some unique feature of amyloidogenic pro- 
teins earmarks them for exclusive delivery to the peripheral inclusion. 
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Figure 2 | Amyloidogenic proteins are preferentially directed to a single 
inclusion. a, Co-localization of inclusions of the yeast prion Rnq1 (green, 
tagged with GFP) and misfolded Ubc9** (red, tagged with CHFP), and 
HttQ103-GFP with CHFP—Ubc9"*(b). Ure2-GFP with CHFP-Ubc9* (c), in 
cim3-1 yeast after 2 h at 37 °C. Images were collected as a Z-series and de- 
convoluted. d, Co-localization of the yeast prions Ure2—GFP and 
Rnq1-CHFP in the peripheral inclusion. A direct fluorescence image is 
shown for e. e, Co-localization of HttQ103—GFP with Rnq1—CHFP in the 
peripheral inclusion. 
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Distinct quality control compartments in Mammalian cells 


We next determined whether differential sequestration of misfolded 
and amyloidogenic proteins in distinct quality control compart- 
ments is conserved in mammalian cells (Fig. 3, Supplementary Fig. 
1d, e). Misfolded Ubc9" and VHL showed diffuse fluorescence when 
expressed in untreated HeLa cells (Fig. 3a, upper panel), with VHL 
more prominent around the endoplasmic reticulum and nucleus. 
After proteasome inhibition both proteins co-localized in the peri- 
nuclear region, as observed in yeast cells (Fig. 3b, lower panel). 
Importantly, wild-type folded Ubc9 did not co-aggregate with 
VHL under these conditions (Supplementary Fig. 1d). We then com- 
pared the distribution of HttQ103 and misfolded VHL. As observed 
in yeast cells, HttQ103 and misfolded VHL were generally seques- 
tered in two different inclusions after proteasome inhibition in mam- 
malian cells (Fig. 3b, lower panel; Supplementary Fig. le). In the 
absence of proteasome impairment, VHL was degraded whereas 
the HttQ103 inclusion was still observed. It thus appears that the 
differential sequestration of misfolded proteins in two quality control 
compartments is conserved from yeast to mammals. 
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Figure 3 | Mammalian cells differentially sequester misfolded proteins in 
two distinct compartments. a, CHEP-VHL and GFP—Ubc9" show diffuse 
localization in the absence of proteasome inhibition (upper panel), and form 
co-localizing perinuclear puncta and inclusions next to the endoplasmic 
reticulum after proteasome inhibition (+_MG132, lower panel). 

b, HttQ103-GFP forms one hyper-fluorescent inclusion (upper panel, note 
inclusion not always perinuclear). After proteasome inhibition (+MG132), 
CHFP-VHL forms an inclusion that is distinct from that of HttQ103—GFP 
(lower panel). 
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Quality control compartments show distinct diffusion properties 


We next examined the solubility state of misfolded proteins in either 
inclusion by determining their diffusion properties using 
Fluorescence Loss in Photobleaching (FLIP)**. In brief, a laser pulse 
was used to photobleach GFP—Ubc9" from a small section of cytosol 
outside of the two GFP—Ubc9" inclusions (Fig. 4a, square). The 
ensuing changes in fluorescence intensity of the different cellular 
compartments, assessed as a function of time, provide a measure of 
their relative exchange rate with the bleached cytoplasmic portion 
(Fig. 4a). Bleaching caused a rapid loss of the diffuse cytosolic fluo- 
rescence corresponding to soluble GFP—Ubc9"* (Fig. 4a, black trace). 
A rapid fluorescence loss was also observed for the juxtanuclear 
inclusion (Fig. 4a, red trace), indicating that a substantial fraction 
of GFP—Ubc9* in this compartment is soluble and can exchange with 
the cytosolic pool. We therefore refer to this inclusion as the ‘juxta- 
nuclear quality control’ compartment, or JUNQ. In contrast, follow- 
ing a small initial reduction in fluorescence, the peripheral 
perivacuolar compartment retained most (> 70%) of its fluorescent 
signal (Fig. 4a, blue trace). This suggests that this inclusion contains a 
large fraction of non-diffusing, possibly insoluble GFP—Ubc9™. 
Accordingly, we named this inclusion the ‘insoluble protein deposit’, 
or IPOD. As the conservation of fluorescent signal within the IPOD 
could result from a barrier to exchange with the cytosolic pool, for 
example, by a membrane, we examined the internal mobility of the 
protein within the IPOD using FRAP*’. When a small sector within 
the IPOD was directly bleached, we did not observe any redistribu- 
tion of the fluorescent signal within the IPOD from the non-bleached 
part of the inclusion. This indicates that the protein in this structure 
is immobile, consistent with this compartment containing aggre- 


gated species (Fig. 4b). 
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Figure 4 | Differential solubility of misfolded substrates in the distinct 
quality control compartments. a, Qualitative FLIP analysis indicates that 
misfolded protein in the JUNQ and the IPOD exhibit different relative 
exchange rates with the cytosolic pool. Pre- and post-bleach images of a 
representative FLIP experiment with GFP—Ubc9* are shown. The fluorescence 
intensity scale is pseudocoloured as shown. A square designates the location of 
the photobleaching laser spot. GFP—Ubc9** was expressed in cim3-1 yeast. 
Relative fluorescence of JUNQ (orange), IPOD (blue) and cytosol (black) from 
ten FLIP experiments is shown over time. b, Protein in the IPOD inclusion is 
immobile. Pre- and post-bleach images of a representative FRAP experiment 
and subsequent recovery of GFP—Ubc9"* are shown. GFP—Ubc9** was 
expressed in Aubc4/5 cells and shifted to 37 °C to form the IPOD. 
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Biochemical analyses supported the conclusion that the JUNQ and 
IPOD accumulate proteins in distinct solubility states 
(Supplementary Fig. 3). VHL localized only to the JUNQ was in a 
Triton-soluble state (Supplementary Fig. 3a), whereas accumulation 
in the IPOD correlated with a shift to the insoluble fraction 
(Supplementary Fig. 3a; see also Fig. 6b and Supplementary Fig. 6g 
for Ubc9 and Htt). We conclude that one compartment, the JUNQ, 
contains a large fraction of soluble misfolded protein, whereas the 
IPOD compartment contains non-diffusing, insoluble species. The 
observation that amyloidogenic proteins appear to be targeted exclu- 
sively to the IPOD suggests that this compartment is the preferred 
cellular destination for protein aggregates. 


JUNQ and IPOD are defined subcellular compartments 


Because different quality control substrates reproducibly accumulated 
in the same two compartments, we examined the relationship of both 
JUNQ and IPOD with known cellular structures and components (Fig. 5 
and Supplementary Fig. 5). Deconvolution microscopy indicated that 
the JUNQ is formed in an indentation of the nucleus (Fig. 5a; see also 
Supplementary Movies 1 and 2). In dividing cells both JUNQ and IPOD 
were invariably retained in the mother cell, raising the possibility that 
these compartments provide a mechanism to retain misfolded proteins 
in the mother cells during cell division (Supplementary Fig. 4a and data 
not shown). This could explain previous observations indicating that 
oxidatively damaged proteins are prevented from entering the daughter 
cell". Notably, neither the JUNQ nor the IPOD were localized to the 
spindle pole body (Fig. 5b) unlike the aggresome which co-localizes with 
the microtubule organizing centre”. 

A similar analysis using the endoplasmic reticulum marker Sec63 
(ref. 19) indicated that the JUNQ is in close proximity to the endo- 
plasmic reticulum. Sec63 redistributed around the JUNQ relative to 
the remaining nuclear envelope (Fig. 5c; Supplementary Fig. 4). 
Sec63 usually marks the ERAC structures that accumulate ERAD 
substrates’, suggesting that the JUNQ forms at a defined cellular 
location in close proximity to the region that participates in ERAD. 
Perhaps the localization of cytosolic and endoplasmic reticulum mis- 
folded proteins to one cellular location serves to concentrate cellular 
quality control components with their substrates to both enhance the 
efficiency of misfolded protein clearance and sequester them from 
the cellular milieu. 

Given the centrality of proteasomal degradation in protein turn- 
over, we examined the cellular distribution of 26S proteasomes using 
previously characterized GFP-tagged proteasomes (Fig. 5d and 
Supplementary Fig. 4c—e)**. Deconvolution microscopy revealed that 
most proteasomes in the cells localize to the endoplasmic reticulum 
surface, even though there is a fraction of diffuse proteasomes. For all 
misfolded proteins examined, we observed a re-distribution of pro- 
teasomes to the site of JUNQ protein accumulation both at 30 °C and 
37 °C (Fig. 5d; Supplementary Fig. 4c—e). Mutant actin occasionally 
accumulated in the quality control compartments even without pro- 
teasome inhibition (Fig. 5d, bottom). This also led to proteasome 
re-distribution to the JUNQ, suggesting that misfolded protein accu- 
mulation can recruit proteasomes to the JUNQ. In contrast, protea- 
somes did not co-localize with the IPOD, indicating that soluble 
misfolded proteins, rather than insoluble amyloid aggregates, cause 
a re-distribution of cellular proteasomes. Our data suggest that the 
perinuclear JUNQ compartment acts as a major site of proteasome 
concentration and misfolded protein degradation. 

The chaperone Hsp104, another quality control component that 
interacts with misfolded and aggregated proteins, was examined using 
a functional GFP-tagged Hsp104 (ref. 34). Hsp104 co-localized with 
both JUNQ and IPOD (Fig. 5e; Supplementary Fig. 4e-g). Most 
Hsp104 accumulated around the IPOD compartment, often in an 
arrangement around the protein inclusion (Fig. 5e). Hsp104 was often 
found in IPOD- or JUNQ- like inclusions in the absence of ectopically 
expressed misfolded proteins (Fig. 5e, middle panel, and data 
not shown), indicating that these quality control compartments are 
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Figure 5 | The JUNQ and IPOD are defined subcellular compartments. 

a, JUNQ compartment tightly co-localizes with nuclear membrane. DNA is 
visualized with DAPI (blue), nucleoplasm with NLS-TFP (red). GFP—Ubc9** 
(top) at 37 °C and GFP-VHL (bottom) in cim3-1 cells. Two-dimensional 
projections of de-convoluted Z-series are shown. b, The JUNQ 
compartment, shown here for GFP-VHL, does not localize to the spindle 
pole body (marked by Spc42—CHFP), and is in close proximity to the 
endoplasmic reticulum visualized with Sec63—CHFP (c). d, The JUNQ 
compartment (upper panel, CHFP—VHL, red), but not the IPOD 


normally present in cells. The co-localization of Hsp104 with the 
IPOD resonates with its role in disaggregating or fragmenting aggre- 
gates of prion proteins*, which also localize to this compartment, and 
with its role in preventing inheritance of oxidatively damaged pro- 
teins’’**, At the JUNQ, Hsp104 may serve to keep proteins soluble for 
either refolding or degradation (Fig. 6e). 

Autophagy has been implicated in the clearance of protein aggre- 
gates” and possibly also ubiquitinated misfolded proteins****. The 
IPOD, but not the JUNQ, co-localized with the autophagic marker 
Atg8 (ref. 12) and the pre-autophagosomal structure (PAS; Fig. 5f 
see also Supplementary Fig. 5 for electron microscopy). The asso- 
ciation of the IPOD with an autophagic marker (Supplementary Fig. 
5b for electron microscopy) provides an intriguing link between 
aggregated proteins in the IPOD and the autophagy pathway. 
Neither Atg8 nor Atg7, both essential components of the autophagic 
pathway, were required for IPOD formation (Supplementary Fig. 
5c). Thus, it is also possible that that Atg8 co-localization has an 
autophagy-independent function in the IPOD, as recently proposed 
for its mammalian homologue LC3 (refs 36-38). 

Immunoelectron microscopy analysis confirmed that the JUNQ is 
closely associated with the nucleus, and may be flanked by prolife- 
rations of the nuclear membrane (Supplementary Fig. 5a, b). The 
IPOD (Supplementary Fig. 5a) was made up of electron-dense 
material, consistent with our FRAP and biochemical characteriza- 
tion. Occasionally, both electron microscopy and fluorescence ana- 
lyses of prion IPODs showed labelling in a circular hollow pattern 
around a densely packed core (Supplementary Fig. 5a, Ure2—-GFP). 
We hypothesize that the ectopically expressed prions are occasionally 
layered over aggregates in pre-existing IPODs containing endoge- 
nous proteins (for example, Hsp104 in Fig. 5e). 
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(Actl1-E364K—CHEP, lower panel), concentrates 26S proteasomes 
(visualized with Cim5-—GFP for regulatory particle and Pre6é—GFP for core 
particle, green). e, Hsp104 localizes to both compartments. JUNQ and IPOD 
were formed by expressing CHFP—Ubc9* (upper panel) or CHFP-VHL 
(lower panel). Note Hsp104 also accumulates in an IPOD structure (blue 
arrow) independently of ectopically-expressed aggregating protein when 
CHFP-VHL is expressed in cim3-1 cells at 30 °C (middle panel). f, The 
IPOD, shown here for GEP—Ubc9", co-localizes with CHFP-Atg8. Some 
CHFP-Atg8 can also be seen in the pre-autophagosomal structure (PAS)'’. 


Role of ubiquitination in substrate partitioning 


We considered whether ubiquitination of misfolded proteins’® plays 
arole in their partitioning to either the JUNQ or the IPOD (Fig. 6 and 
Supplementary Fig. 6a). Degradation of misfolded VHL, Ubc9 and 
actin requires ubiquitination by the E2 pair Ubc4/5 (refs 23, 25 and 
26). Ubiquitination was impaired by expressing these proteins in 
Aubc4/5 cells (Fig. 6a, VHL; Supplementary Fig. 6,Ubc9"; actin, data 
not shown) or by overexpression of Ubp4 (ref. 39; Supplementary 
Fig. 6e). Similar results were obtained using either strategy for all 
misfolded proteins (Fig. 6a; Supplementary Fig. 6b, c). Impairing 
misfolded protein ubiquitination blocked their accumulation in 
the JUNQ and instead resulted in exclusive accumulation in the 
IPOD, even at 30°C and in the absence of proteasome inhibition 
(Fig. 6, Supplementary Fig. 6). The IPODs formed under these con- 
ditions exhibited the same morphology as observed previously, and 
were also Atg8 and Hsp104-positive (Supplementary Figs 6d and 7e). 

Consistent with its relocalization to the IPOD, blocking ubiquiti- 
nation reduced the solubility of misfolded VHL (Fig. 6b) and Ubc9 
(Supplementary Fig. 6g). Misfolded VHL was Triton-soluble under 
conditions where it only forms the JUNQ (Fig. 6c, left panel), but was 
almost entirely insoluble when targeted to the IPOD once ubiquiti- 
nation was blocked (Fig. 6b, right panel). Similar results were 
obtained with Ubc9"; blocking its ubiquitination rendered it as insol- 
uble as aggregated HttQ53 (Supplementary Fig. 6g). Alternatively, 
blocking the ubiquitination of a native degradation substrate, Ub- 
GFP, in the same Aubc4/5 cells did not impair its solubility 
(Supplementary Fig. 3c). Thus, ubiquitination is an important deter- 
minant for maintaining solubility of misfolded proteins and sorting 
them to the JUNQ, whereas non-ubiquitinated species are directed to 
the IPOD. 
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We next exploited the observation that the chaperone Stil is 
required for VHL degradation, but not for VHL folding”. Stil dele- 
tion also directed VHL to the IPOD, as observed in Aubc4/5 cells 
(Supplementary Fig. 7d, e), but had no effect on the localization of 
Ubc9* (Supplementary Fig. 7c). This result indicates that ubiquiti- 
nation and partitioning of misfolded proteins between JUNQ and 
IPOD is modulated by specific interactions with the cellular chaper- 
one network. The finding that amyloidogenic proteins are primarily 
targeted to the IPOD may thus reflect their inefficient interaction 
with quality control chaperone and ubiquitination components. This 
property could distinguish prions and other amyloidogenic proteins 
from the bulk of misfolded quality control substrates that normally 
do not accumulate in amyloids. 
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Figure 6 | Partitioning between JUNQ and IPOD is regulated by 
ubiquitination. a, Blocking ubiquitination of misfolded VHL prevents its 
localization to JUNQ, and redirects these proteins to the IPOD. b, VHL in 
the IPOD accumulates in a Triton-insoluble fraction. Asterisk denotes cross- 
reacting band unrelated to VHL. ¢, Deletion of Stil, required for VHL 
degradation”, reroutes misfolded VHL to the IPOD. d, Ubiquitination 
suffices to promote prion delivery to the JUNQ. Rnq1-GFP localizes 
exclusively to the IPOD. A ubiquitination signal (Ub—G76A) engineered in 
the yeast prion Rnq1—GFP causes Ub—G76A—Rnq1-GFP localization to both 
JUNQ and IPOD. e, Recovery of diffuse cytosolic fluorescence by thermally 
denatured GFP—Ubc9* accumulated in the JUNQ (top) but not in the IPOD 
(middle) after return to the permissive temperature. The recovery of 
GFP-Ubc9* requires Hsp104 disaggregase activity (bottom). f, Model for 
sorting of cytosolic misfolded proteins to distinct quality control 
compartments. 
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Unexpectedly, blocking the ubiquitination of misfolded proteins 
caused them to behave like amyloidogenic proteins. We considered 
whether enhancing ubiquitination of the prion Rnq1 by engineering 
a synthetic ubiquitination signal suffices to promote partitioning to 
the JUNQ (Fig. 6d, Supplementary Fig. 8). Rnq1 normally only accu- 
mulates in IPOD inclusions (Figs 2b-f and 6d, left panel), but 
enhancing its ubiquitination with an amino-terminal ubiquitin- 
fusion degradation (UFD) signal (Supplementary Fig. 8a) directed 
a fraction of Ub-Rnql to the JUNQ (Fig. 6d, right panel). 
Biochemical analysis confirmed this observation (Supplementary 
Fig. 8b). Rnql is predominantly in the insoluble fraction 
(Supplementary Fig. 8b, left panel) whereas Ub—Rnq] is distributed 
between soluble and insoluble fractions (Supplementary Fig. 8b, 
right panel). Notably, higher molecular weight poly-ubiquitinated 
Ub-Rnq1 was found only in the soluble fraction. As non-ubiquiti- 
nated Ub-Rnq1 nevertheless has one N-terminal ubiquitin, it seems 
that poly-ubiquitination is required for Rnq1 delivery to the JUNQ. 
These experiments indicate that poly-ubiquitination is a key deter- 
minant for partitioning misfolded proteins between the two quality 
control compartments, as it is necessary for sorting misfolded pro- 
teins to the JUNQ and sufficient to redirect a prion protein from the 
IPOD to the JUNQ. 


Consequences of protein accumulation in the JUNQ or IPOD 


We next examined the functional consequences of accumulation in 
the JUNQ or the IPOD (Fig. 6e) by exploiting the observation that 
the thermal denaturation of Ubc9"* is reversible (data not shown)**. 
Thermally denatured GFP—Ubc9"* was directed to either the JUNQ or 
the IPOD by changing its ubiquitination state; the fate of Ubc9** in 
either compartment was then examined after return to the permissive 
temperature (Fig. 6e). Cells containing Ubc9" in puncta and the 
JUNQ gradually recovered diffuse GFP—Ubc9" fluorescence (Fig. 6e, 
top), In contrast, cells with GFP-Ubc9* in the IPOD did not recover 
diffuse fluorescence (Fig. 6e, data not shown for Aubc4/5). Ubc9" 
refolding from the JUNQ required Hsp104 and was inhibited by 
5mM guanidine, suggesting that Hsp104 facilitates refolding of pro- 
teins in the JUNQ. Thus, misfolded Ubc9"* that is ubiquitinated and 
sorted into the JUNQ can be refolded by the cellular chaperone 
machinery, whereas Ubc9" sorted to the IPOD is terminally seques- 
tered from the cytoplasm. These experiments suggest that poly- 
ubiquitination not only targets proteins for degradation, but may also 
contribute to their re-folding competence. 


Discussion 


Cellular quality control networks have a key role in maintaining 
protein homeostasis*’. We find two cytosolic quality control com- 
partments, the JUNQ and the IPOD, carry out general but distinct 
functions managing misfolded and aggregated proteins and are con- 
served from yeast to mammalian cells (Fig. 6f). After misfolding, 
most proteins will be recognized and ubiquitinated by the quality 
control machinery, which directs them to the JUNQ, a region that 
concentrates disaggregating chaperones and 26S proteasomes and is 
in close proximity to the perinuclear endoplasmic reticulum region 
involved in ERAD (Fig. 6f). Accumulation of misfolded proteins and 
quality control components at the endoplasmic reticulum membrane 
may facilitate both degradation and refolding by increasing their 
local concentrations and enhancing encounter rates by restricting 
diffusion. Cellular increase of misfolded protein loads, for example, 
by stress or during ageing, may saturate the quality control 
machinery needed for sorting to the JUNQ, resulting in accumula- 
tion of aggregated and potentially toxic species. These misfolded 
proteins are directed to the IPOD, which seems to terminally seques- 
ter protein aggregates. The spatial sequestration of these aggregates 
from the site where most proteasomal degradation takes place may 
serve a protective function. Spatial sequestration may also facilitate 
aggregate clearance, either through the autophagic pathway or by 
dilution through retention in the dividing mother cell. 
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The identification of two distinct quality control compartments 
resonates with a number of previous observations. Studies in 
Caenorhabditis elegans suggest two hierarchical pathways for degra- 
dation of amyloidogenic AB species*'**. Alternative degradation 
pathways were reported for ERAD substrates” and «-synuclein®, 
with soluble species of the same protein degraded via the proteasome 
and insoluble aggregates by autophagy****. For mammalian cells, 
there have been disparate reports on the solubility and structural 
properties of protein inclusions’*'®'***. Thus, polyQ inclusions in 
mammalian cells are immobile’, similar to the IPOD in yeast. The 
distinct localization and solubility of misfolded proteins in the JUNQ 
also resembles observations that mammalian SOD1 inclusions con- 
tain soluble protein and are spatially distinct from polyQ aggre- 
gates'*'°, Soluble misfolded VHL is also reported to accumulate in 
an ubiquitination-dependent manner on the cytosolic surface of the 
mammalian endoplasmic reticulum, similar to our findings in 
yeast’*'®. Importantly, our findings provide a framework for inte- 
grating these various observations into a conserved cellular pathway 
of quality control. Further, we identify solubility and the ubiquitina- 
tion state of a quality control substrate as key determinants of its 
delivery to either the JUNQ or the IPOD. Future studies should 
determine whether poly-ubiquitination exerts these effects through 
interactions with cellular components or by directly enhancing pro- 
tein solubility. 

The preferential targeting of amyloidogenic proteins to the IPOD 
may arise from their reduced affinity for quality control components. 
In turn, this may lead to higher levels of toxic misfolded conforma- 
tions, consistent with findings that the toxicity of amyloidogenic 
proteins resides in small soluble species**. Accordingly, overexpres- 
sion of chaperones and ubiquitination components, which alleviate 
toxicity, could compensate for their reduced affinity for the amyloi- 
dogenic species******”, The observation that amyloidogenic and 
globular misfolded proteins are differentially engaged by cellular 
quality control pathways provides new perspectives on the molecular 
basis of protein conformation diseases, and may have useful implica- 
tions for the understanding of neurodegeneration, ageing and stress. 


METHODS SUMMARY 


Yeast growth, manipulation and protein expression were performed as 
described’***?. Misfolded and amyloidogenic proteins used in this study were 
tagged with EGFP, mCherry or tdTomato”’. Conventional epifluorescence 
micrographs were obtained from live yeast cells on a Zeiss Axiovert microscope 
with a X100 oil lens (NA1.4). Deconvoluted images were acquired using an 
Olympus microscope. Digital images (12 bit) were digitally deconvoluted by 
using DELTAVISION software (Applied Precision). Live-cell imaging was per- 
formed using the Marianas system from Intelligent Imaging Innovations 
equipped with the MicroPoint FRAP laser system (Photonic Instruments). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Yeast media, plasmids, and strains. Yeast media preparation, growth, transfor- 
mations and manipulations were performed according to standard protocols”. 
The protein substrates used in this study were visualized as fusions to fluorescent 
proteins derived from GFP. GFP—Ubc9'*, GEP—Ubc9", GFP-VHL, Actl— 
E364K-GFP, Rnql—-GFP, Ure2—GFP, Ub-G76A-GFP, Ub—Arg-GFP, Ub- 
G76A-Rnq1—GFP, CHFP—Apg8, NLS-tdTomato” (TFP) were cloned into 
pESC (GAL1 URA3; Stratagene). Each of the above was also cloned into pESC 
GALI LEU2 vectors, and identical fusion proteins were made with mCherry” 
fluorescent protein (CHFP) instead of GFP. The pESC plasmid expressing elon- 
gin B and elongin C from a GAL-inducible promoter is described elsewhere”. 
All proteins were cloned by PCR from yeast genomic DNA or a template plasmid 
and verified by sequencing. Spc42—GFP and Spc42—CHFP were cloned down- 
stream of the Tub2 promoter into the pRS316 vector. Sec63—CHFP was cloned 
by excising the GFP from pSM1462 (ref. 51) and replacing it with mCherry. 
GFP-Hsp 104 (ref. 34) was a gift from J. Glover. 

The yeast strains used in this study are as follows: WT CIM3 (YPG499; MATa 
ura3-52 leu2-A1 his3-A200 trp1-A63 lys2-801 ade2-101) and cim3-1 (CMY762; 
ura3-52 leu2-Al his3-A200 cim3-1)*; MHY501 (MAT« his3-4200 leu2-3, 112 
ura3-52 lys2-801 trp1-1) and the isogenic mutant strains MHY508 (ubc4::HIS3 
ubc5::LEU2) and MHY570 (ubc4::TRP1 ubc5::LEU2 ubc6::HIS3 ubc7::LEU2)™; 
GCE6 (MATa his3-11,15 leu2-3,112 ura3 PRE6-GFPHA::HIS3::URA3), GALS 
(MATa his3-11,15 leu2-3,112 ura3 CIM5-GFPHA::HIS3::URA3)*; YKO WT, 
Astil, Apdr5 (MATa/MAT«  orfd::kanMX4/orfa::kanMX4  ura3A0/ura3A0 
leu2A0/leu2A0 his3A1/his341 met1540/METI5 lys2A0/LYS2 (Saccharomyces 
Genome Project))**. For experiments using MG132, the YKO (B4147) strains 
lacking the Pdr5 transporter were used as wild type. Deletion of Pdr5 sensitizes 
cells to the proteasome inhibitor MG132. When indicated, cells were treated with 
80 uM MG132 (Sigma) dissolved in DMSO for 1 h. For all experiments, expression 
was shut off before temperature shift and microscopy by addition of 2 % glucose. 
Mammalian cell culture and plasmids. HeLa cells were cultured according to 
standard procedures. HeLa S3 cells were maintained in DMEM/F12 (Gibco), 
supplemented with 10% FCS and L-glutamine. Confluent cells were transfected 
using Lipofectamine 2000 (Invitrogen) according to manufacturer’s protocol. 
Cells were treated with MG132 (or DMSO control) 24h after transfection and 
analysed 4-8 h later by microscopy. HeLa cells were split onto coverslips, washed 
twice with PBS, fixed with 4% paraformaldehyde (in PBS) for 20 min and washed 
twice with PBS. GEP—Ubc9"s, GFP—Ubc9™? and CHEP-VHL were sub-cloned 
from their original pESC vectors into pcDNA3.1 (Invitrogen) vectors. 
Fluorescence microscopy. Conventional epifluorescence micrographs were 
obtained from live yeast cells on a Zeiss Axiovert microscope with a X 100 oil lens 
(NA1.4; Zeiss). Digital (12-bit) images were acquired with a cooled CCD (Princeton 
Instruments) and processed by using METAMORPH software (Universal 
Imaging). For deconvolution microscopy, yeast cells were fixed on glass coverslips 
in 4% paraformaldehyde. Deconvoluted images were acquired by using an 
Olympus microscope. Digital images (12 bit) were digitally deconvoluted by using 
DELTAVISION hardware and software (Applied Precision). Live-cell imaging was 
performed using the Marianas system from Intelligent Imaging Innovations 
equipped with the MicroPoint FRAP laser system (Photonic Instruments). 

VHL solubility and ubiquitination assay. Yeast were grown, collected and lysed 
according to standard protocols”. Cells expressing VHL were grown at 30 °C or 
37 °C, collected, washed once with sterile double-distilled water, and resus- 
pended in 1X native yeast lysis buffer (30mM HEPES (pH 8.0), 150mM 
NaCl, 1% glycerol, 1 mM DTT, 1mM PMSF and 1 pg ml | pepstatin-A; and 
1mM NEM for ubiquitination assays). Where indicated, lysis buffer also con- 
tained 0.5% Triton. Pellets were frozen in liquid nitrogen and lysates were pre- 
pared by beating in liquid nitrogen (3 min) and clarified by centrifugation at 
6,000g for 5 min at 4 °C. Fifty microlitres of this supernatant was set aside as total 
protein. Fifty microlitres was spun at 16,000g for 30 min at 4 °C. This superna- 
tant was removed and designated the soluble fraction. The pellet was resolubi- 
lized by heating in 50 ul 1 X SDS sample buffer. Fifty microlitres of 4 x SDS 
sample buffer was added to the total protein and soluble fraction samples. 
Equal amounts of each fraction were resolved by SDS-PAGE followed by immu- 
noblot analysis with anti-GFP or anti-Myc antisera. For gel aggregation assays 
equivalent total protein amounts of lysate were run on SDS-PAGE and both 
stacking and resolving gels were transferred and analysed by immunoblot as 
described in ref 17. 

Fluorescence microscopy. Conventional epifluorescence micrographs were 
obtained from live yeast cells on a Zeiss Axiovert microscope with a 100 oil 
lens (NA1.4). Digital (12-bit) images were acquired with a cooled CCD 
(Princeton Instruments) and processed by using METAMORPH software 
(Universal Imaging). The excitation filters used for conventional microscopy 
were 500DF20 (GFP), 540DF20 (Rhodamine) and 570DF20 (Texas red). 
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Emission filters were 535DF20 (GFP), 560DF20 (Rhodamine) and 630DF25 
(Texas red). The dichroics were: 505 DCLP (GFP) and 595 DCLP (Texas red). 

For deconvolution microscopy, yeast cells were fixed on glass coverslips in 4 % 

paraformaldehyde. Deconvoluted images were acquired by using an Olympus 
microscope with 436 DF10 (CFP) and 500DF20 (YFP) filters for excitation and 
470 DF30 (CFP) and 535 DF30 (YEP) filters for emission. Digital images (12-bit) 
were digitally deconvoluted by using DELTAVISION hardware and software 
(Applied Precision). Live-cell imaging was performed using the Marianas system 
from Intelligent Imaging Innovations equipped with the MicroPoint FRAP laser 
system (Photonic Instruments). 
Electron microscopy. Cells were fixed and processed as described in ref. 55. 
Briefly, 25 ml cultures of exponentially growing cells (5 X 10° cells ml~') in 
minimal medium were quickly harvested by vacuum filtration over a 0.45 um 
nitrocellulose membrane; filtration was stopped when the total volume in the 
filter apparatus was <5 ml, but not dry. To this concentrated cell suspension, 
still on the filter membrane, 15 ml of freshly prepared, room temperature fixative 
40 mM potassium phosphate, pH 6.7, 0.5 M sorbitol, 4% formaldehyde freshly 
prepared from paraformaldehyde (Polysciences), 0.2% glutaraldehyde (EM 
grade, Polysciences), 1 mM MgCh, and 1 mM EGTA, pH 8, was added and 
mixed rapidly with the cells by pipetting the suspension several times. The cell 
suspension was then transferred to a 50 ml polypropylene centrifuge tube and 
incubated at room temperature for approximately 1 h. 

The fixed cells were then centrifuged at low speed in a clinical centrifuge and 
the pellet was resuspended in 40mM potassium phosphate buffer (pH 6.7) 
containing 0.25 M sorbitol and transferred to Eppendorf tubes. The cells were 
again centrifuged and washed in 40 mM potassium phosphate buffer (pH 6.7). 
The final pellet of fixed cells was resuspended in 1 ml 1% sodium metaperiodate 
to make the cell wall more permeable, incubated for 10 min at room tempera- 
ture, and then centrifuged and resuspended in 1 ml distilled water. Next, to block 
free aldehyde groups, the cells were centrifuged, resuspended in 1 ml 50 mM 
ammonium chloride and incubated for 10 min at room temperature. 

The cells were then washed once in distilled water, centrifuged at low speed 
and immediately dehydrated (on ice) by resuspending the cell pellet in 70% (v/v) 
ice-cold ethanol and incubating on ice for 5 min. The cells were similarly cen- 
trifuged and sequentially resuspended in 80%, 85%, 90%, 95% ice-cold ethanol 
and finally once in 100% ice-cold ethanol. A final dehydration and centrifu- 
gation in 100% ethanol at room temperature was performed twice. The dehy- 
drated cells then were infiltrated with room temperature L. R. White resin 
(Polysciences) and prepared for polymerization as described”® except that infil- 
tration of resin into the cells was done without application of vacuum and 
harvesting of cells was by centrifugation. The resin was polymerized by incuba- 
tion at 47 °C for approximately 48 h. 

Thin sections measuring approximately 60-70 nm (as determined by a grey/ 
silver interference colour) were cut with a diamond knife and were picked up on 
300 mesh nickel grids (Polysciences), which had been made sticky with a dilute 
formvar solution”®. 

Affinity purified rabbit antibodies directed against GFP were a gift to J. 
Mulholland (CSIF) from P. Silver’s laboratory (Harvard University). The second- 
ary antibodies used were 10 nm gold-conjugated, anti-rabbit IgG (goat) secondary 
antibodies (BioCell). Antibody incubations were performed as described pre- 
viously’. Primary and secondary antibodies were diluted 1:50 in PBST 
(1440mM NaCl, 3mM KCl, 8mM Na,HPO,, 1.5mM KH,PO,, 0.05% Tween 
20) containing 0.5 % BSA (bovin serum albumin) and 0.5 % ovalbumin (Sigma) 
and were incubated at room temperature for 1-2 h, with cell sections mounted on 
grids as described above. In the absence of the primary antibody, the anti-rabbit 
secondary antibodies did not react with the cell sections. After immunolocalization 
cell sections were post-fixed and stained with uranyl acetate and lead citrate as 
previously described *°. All observations were made on a JEOL 1230 transmission 
electron microscope at an accelerating voltage of 80kV using a 20-|1m-diameter 
objective aperture using a Gatan 967 cooled CCD camera for image acquisition. 
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The Milky Way has at least twenty-three known satellite galaxies 
that shine with luminosities ranging from about a thousand to a 
billion times that of the Sun. Half of these galaxies were discov- 
ered’” in the past few years in the Sloan Digital Sky Survey, and 
they are among the least luminous galaxies in the known Universe. 
A determination of the mass of these galaxies provides a test of 
galaxy formation at the smallest scales** and probes the nature of 
the dark matter that dominates the mass density of the Universe’. 
Here we use new measurements of the velocities of the stars in 
these galaxies®’ to show that they are consistent with them having 
a common mass of about 10’M.5 within their central 300 parsecs. 
This result demonstrates that the faintest of the Milky Way satel- 
lites are the most dark-matter-dominated galaxies known, and 
could be a hint of a new scale in galaxy formation or a character- 
istic scale for the clustering of dark matter. 

Many independent lines of evidence strongly argue for the pres- 
ence of dark matter in galaxies, in clusters of galaxies, and throughout 
the observable Universe’. Its identity, however, remains a mystery. 
The gravity of dark matter overwhelms that of the normal atoms and 
molecules and hence governs the formation and evolution of galaxies 
and large-scale structure*'®. In the currently favoured models of dark 
matter, structure in the Universe forms hierarchically, with smaller 
gravitationally bound clumps of dark matter—haloes—merging to 
form progressively larger objects. 

The mass of the smallest dark matter halo is determined by the 
particle properties of dark matter. Dark matter candidates character- 
ized as cold dark matter can form haloes that are many orders of 
magnitude smaller than the least luminous haloes that we infer from 
observations. Cosmological simulations of cold dark matter predict 
that galaxies like the Milky Way should be teeming with thousands of 
dark matter haloes with masses ~10°Mo, with a steadily increasing 
number as we go to the smallest masses''*. A large class of dark 
matter candidates characterized as ‘warm’ would predict fewer of 
these small haloes'*. However, even for cold dark matter it is uncer- 
tain what fraction of the small dark matter haloes should host visible 
galaxies, as the ability of gas to cool and form stars in small dark 
matter haloes depends on a variety of poorly understood physical 
processes'*”°, 

The smallest known galaxies hosted by their own dark matter 
haloes are the dwarf spheroidal satellites of the Milky Way**. These 
objects have very little gas and no signs of recent star formation. The 
least luminous galaxies were recently discovered in the Sloan Digital 
Sky Survey (SDSS)'* and follow-up observations have revealed them 
to be strongly dominated by dark matter®*!”’. 

We have compiled line-of-sight velocity measurements of indi- 
vidual stars in 18 of the 23 known dwarf galaxies in the Milky 


Way’. We use these measurements to determine the dynamical mass 
of their dark matter haloes using a maximum likelihood analysis”. 
The dynamical mass is best constrained within the stellar extent, 
which corresponds to an average radius of ~0.3 kiloparsecs (kpc) 
for all the satellites. We determine this mass, Mo.3, by marginalizing 
over a five-parameter density profile for dark matter that allows for 
both steep density cusps and flat cores in the central regions. It is 
important to note that the observed velocity dispersion of stars is 
determined by both the dynamical mass and the average anisotropy 
of the velocity dispersion (that is, difference between tangential and 
radial dispersion). The anisotropy is unknown and hence we margin- 
alize over a three-parameter anisotropy function for stellar velocity 
that allows us to explore a range of orbital models for the stars”’. 

Figure 1 shows the resulting determination of Mo.3. We find that all 
18 dwarf galaxies are consistent with having a dynamical mass of 10’ 
solar masses within 0.3 kpc of their centres, despite the fact that they 
have luminosity differences over four orders of magnitude. This 
result implies a central density for dark matter of ~0.1Mo pe ° in 
these galaxies. Earlier studies suggested that the highest luminosity 
dwarf galaxies all shared a common mass*™. With larger stellar data 
sets, more than double the number of dwarf galaxies, and more 
detailed mass modelling, our results confirm this suggestion and 
conclusively establish that the dwarf galaxies of the Milky Way share 
a common mass scale. 
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Figure 1| The integrated mass of the Milky Way dwarf satellites, in units of 
solar masses, within their inner 0.3 kpc as a function of their total 
luminosity, in units of solar luminosities. The circle (red) points on the left 
refer to the newly discovered SDSS satellites, whereas the square (blue) 
points refer to the classical dwarf satellites discovered pre-SDSS. The error 
bars reflect the points where the likelihood function falls off to 60.6% of its 
peak value. 


'Center for Cosmology, Department of Physics and Astronomy, University of California, Irvine, California 92697-4574, USA. Department of Astronomy, California Institute of 
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Because of the proximity of the dwarf galaxies to the Milky Way, it 
is possible that tidal effects could change the velocities of stars and 
thus affect the mass measurements. In the kinematic data, tidal forces 
could be revealed as a velocity gradient across the observed plane of 
the dwarf*?®. We have tested the dwarf galaxies for velocity gradients 
and have found no conclusive evidence of tidal effects (see 
Supplementary Information). 

We fitted a Mo.3-luminosity relation to these data and obtained 
Mo3 « L°? ~°°?. This result does not change significantly if we use 
the luminosity contained within 0.3 kpc rather than the total lumin- 
osity. The common mass scale of ~10’Mo may thus reflect either a 
plummeting efficiency for galaxy formation at this mass scale, or the 
fact that dark matter haloes with lower masses simply do not exist. 

The characteristic density of 0.1Mo pe * may be associated with a 
characteristic halo formation time. In theories of hierarchical struc- 
ture formation, the central density of dark matter haloes is propor- 
tional to the mean density of matter in the Universe when the halo 
formed. The earlier the formation, the higher the density. For cold 
dark matter models, our measurement implies that these haloes col- 
lapsed at a redshift greater than about 12, or earlier than 100 million 
years after the Big Bang. Measurements of the cosmic microwave 
background” suggest that the Universe went from being neutral to 
ionized at redshift 11 + 1.4. These dark matter haloes thus formed at 
roughly the same time that the Universe was re-ionized. 

Within the context of the cold dark matter theory, high-resolution 
cosmological simulations can be used to relate the mass within the 
central regions of the dark matter halo to the depth of the gravitational 
potential well’. Simulations show that Mo3~10’Mo X (Mbotai/ 
10°M.)°*?, where Mota) is the mass of the halo before it was accreted 
into the Milky Way host potential. Thus, it is possible that the implied 
total mass scale of 10°Mc reflects the characteristic scale at which 
supernova feedback” or the imprint of the re-ionization of the 
Universe'*”° could sharply suppress star formation. 

Perhaps a more speculative, but certainly no less compelling, 
explanation of the common mass scale is that dark matter haloes do 
not exist with Mo, below ~10’Mo. This implies that these dwarf 
galaxies inhabit the smallest dark matter haloes in the Universe. 
Warm dark matter has a larger free-streaming length than standard 
cold dark matter, which implies that density perturbations are erased 
below a characteristic length scale, resulting in a higher minimum mass 
for dark matter haloes. A thermal warm dark matter candidate with 
mass of about 1 keV would imply a minimum halo mass of 10°Mo. 
Thus, our mass determinations rule out thermal warm dark matter 
candidates with masses less than about 1 keV, but dark matter masses 
somewhat larger than 1 keV would yield a minimum dark matter halo 
mass consistent with the mass scale we observe. 

Future imaging surveys of stars in the Milky Way will provide a 
more complete census of low-luminosity Milky Way satellites, with 
the prospects of determining whether astrophysics or fundamental 
dark matter physics is responsible for setting the common mass scale. 
In particular, the masses for the faintest dwarf galaxies will become 
more strongly constrained with more line-of-sight velocity data. This 
will sharpen the observational picture of galaxy formation on these 
small scales and provide data around which theories of galaxy forma- 
tion may be built. 

Note added in proof: While this paper was in press, the luminosities of 
several newly discovered dwarf satellites were updated”. 
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Experimental demonstration of a BDCZ quantum 


repeater node 


Zhen-Sheng Yuan’”*, Yu-Ao Chen’?*, Bo Zhao’, Shuai Chen’, Jorg Schmiedmayer® & Jian-Wei Pan’ 


Quantum communication is a method that offers efficient and 
secure ways for the exchange of information in a network. 
Large-scale quantum communication’ (of the order of 100 km) 
has been achieved; however, serious problems occur beyond this 
distance scale, mainly due to inevitable photon loss in the trans- 
mission channel. Quantum communication eventually fails’ when 
the probability of a dark count in the photon detectors becomes 
comparable to the probability that a photon is correctly detected. 
To overcome this problem, Briegel, Diir, Cirac and Zoller (BDCZ) 
introduced the concept of quantum repeaters®, combining entan- 
glement swapping’ and quantum memory to efficiently extend the 
achievable distances. Although entanglement swapping has been 
experimentally demonstrated*®, the implementation of BDCZ 
quantum repeaters has proved challenging owing to the difficulty 
of integrating a quantum memoty. Here we realize entanglement 
swapping with storage and retrieval of light, a building block of the 
BDCZ quantum repeater. We follow a scheme””’ that incorporates 
the strategy of BDCZ with atomic quantum memories". Two 
atomic ensembles, each originally entangled with a single emitted 
photon, are projected into an entangled state by performing a joint 
Bell state measurement on the two single photons after they have 
passed through a 300-m fibre-based communication channel. The 
entanglement is stored in the atomic ensembles and later verified 
by converting the atomic excitations into photons. Our method is 
intrinsically phase insensitive and establishes the essential ele- 
ment needed to realize quantum repeaters with stationary atomic 
qubits as quantum memories and flying photonic qubits as 
quantum messengers. 

Although the BDCZ protocol® attracted much interest as a solution 
to extending the communication length, the absence of quantum 
memory has hindered the implementation of quantum repeaters. 
In 2001, Duan, Lukin, Cirac and Zoller (DLCZ) proposed an alterna- 
tive quantum repeater scheme’! where linear optics and atomic 
ensembles are used to incorporate entanglement connection and 
quantum memory into a single unit. Motivated by the DLCZ pro- 
tocol, number-state entanglement between two atomic ensembles 
has been observed'*'*. Most recently, a functional quantum node™ 
based on asynchronous preparation of number-state entanglement 
for two pairs of atomic ensembles—the basic element of the DLCZ 
protocol—has also been demonstrated. 

However, two serious drawbacks make the DLCZ-type functional 
quantum nodes'""* unlikely to be a realistic solution for long-distance 
quantum communication”'®”. First, the required long-term sub- 
wavelength stability of the path difference between two arms of a 
large-scale single-photon interferometer spanning the whole commu- 
nication distance is very difficult to achieve", even with the latest and 
most sophisticated technology for coherent optical phase transfer’®. 


Second, the swapping of number-state entanglement using a single- 
photon interferometer leads to the growth of a vacuum component in 
the generated state, and to the rapid growth of errors due to multiple 
emissions from individual ensembles». 

A novel solution®”® is to combine the atomic quantum memory in 
DLCZ and the strategy of BDCZ. In this scheme, two-photon inter- 
ference is used to generate long-distance entanglement, so the 
stability requirement for the path differences is determined by the 
coherence length of the photons and is consequently seven orders of 
magnitude looser’ than in the DLCZ protocol. Moreover, the 
vacuum component can be suppressed and is no longer a dominant 
term after a few entanglement connections”"’. Following this scheme, 
we demonstrate here the implementation of a quantum repeater 
node, involving entanglement swapping with the function of storage 
and retrieval of light. A high precision of local operations has been 
achieved that surpasses the theoretical threshold® required for the 
realization of robust quantum repeaters for long-distance quantum 
communication. 

In our experiment, to demonstrate entanglement swapping with 
storage and retrieval of light, we follow three steps: implementing two 
atom—photon entanglement sources, sending the flying qubits (the 
photons) to an intermediate station for a Bell state measurement 
(BSM), and verifying the entanglement between the stationary qubits 
(the two remote atomic ensembles). 

Unlike previous atom—photon entanglement sources realized with 
trapped ions!*, single atoms in a cavity'’, or two spatially separated 
atomic ensembles”’, we use here two collective excitations in different 
spatial modes of a single atomic ensemble to implement the atom— 
photon entanglement’'. In contrast to the method in which two 
separated spatial regions in one atomic cloud are covered by their 
own ‘write’ and ‘read’ beams", here the two excitation modes share 
the same write and read beams, which offers high-quality entangle- 
ment and long-term stability. 

The basic principle is shown in Fig. 1 (see Methods). Alice and Bob 
each have a cold atomic ensemble consisting of about 10° atoms of 
®’Rb loaded by magneto-optical traps (MOTs). At each site, atoms 
are first prepared in the initial state |a), followed by a weak write 
pulse. Two anti-Stokes fields AS; and AS, induced by the write beam 
via spontaneous Raman scattering are collected at +3° relative to the 
propagating direction of the write beam. This defines two spatial 
modes of excitation in the atomic ensembles (L and R), which con- 
stitute our memory qubit. 

The two anti-Stokes fields in modes L and R are adjusted to have 
equal excitation probability and orthogonal polarizations. The two 
fields are then overlapped at a polarizing beam splitter PBS2 (Fig. 1) 
and coupled into a single-mode fibre. Neglecting the vacuum state 
and higher order excitations, the entangled state between the atomic 


'Physikalisches Institut, Ruprecht-Karls-Universitat Heidelberg, Philosophenweg 12, 69120 Heidelberg, Germany. “Hefei National Laboratory for Physical Sciences at Microscale and 
Department of Modern Physics, University of Science and Technology of China, Hefei, Anhui 230026, China. ?Atominstitut der Osterreichischen Universitaten, TU-Wien, A-1020 
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Figure 1| The experimental scheme for entanglement swapping. 

a, Photons 2 and 3 overlap at BSM (Bell state measurement) and are 
projected to the state of |®*), , through which the entanglement is 
generated between the two atomic ensembles I and II confined by magneto- 
optical traps (MOTs) in different glass cells separated by ~60 cm. Here 1, 2,3 
and 4 indicate four photons emerging from the anti-Stokes modes (@as) and 
Stokes modes (as), and |\P*),, is one of the four Bell states. Inset, 
atom-photon entanglement. Shown are energy levels 

{|a).|b),|e)} = {|5S1/2.F =2), |5S1/2,F=1), |5P1/2,F =2)} and the 
configuration of light beams. PBS, polarizing beam splitter; HWP, half-wave 


and photonic qubits can be described effectively as 

1 
at—ph — We) ( 
where |H) /|V) denotes horizontal/vertical polarization of the single 
anti-Stokes photon, |L)/|R) denotes a single collective excitation in 
ensemble L/R, and ¢), is the propagating phase difference between the 
two anti-Stokes fields before they overlap at PBS2. The atom—photon 
entangled state (equation (1)) is equivalent to the maximally polar- 
ization-entangled state generated by spontaneous parametric down- 
conversion”. 

In this way, one can implement two separate and remote atom— 
photon entanglement sources at Alice’s site (I) and Bob’s site (II), 
respectively. To make the higher order excitations negligible, a low 
excitation probability (7, ~ 0.01) is chosen for the collective modes 
m (m= L, R). Owing to the imperfect coupling of light modes, the 
transmission loss, and the inefficiency of single-photon detectors, the 
overall detection efficiency of an emerging anti-Stokes photon (74s) 
is around 25%. To check the quality of atom—photon entanglement, a 
read pulse (see Methods) is applied after a controllable time delay 54, 
to convert the atomic collective excitation back into a Stokes field. 
Ideally, the retrieve efficiency of the Stokes fields should reach unity. 
However, various imperfections, such as low optical depth of the 
atomic ensembles and mode mismatching between the write and 
read pulses, lead to a 35% retrieve efficiency. Together with the 
non-ideal collection and detection efficiency (~40%) of single- 
photon detectors, the overall detection efficiency of the Stokes 
photon is around 15%. After combining the two retrieved Stokes 
fields on PBS1 (see Fig. 1), the anti-Stokes and Stokes fields are in 
the following maximally polarization-entangled state 


1 
WN a V) ac|V 2 
IY) ass Vi )aslV)s) (2) 
where ¢, represents the propagating phase difference between two 
Stokes fields before they overlap at PBS1. In our experiment, the total 
phase ¢, + > is actively stabilized via a built-in Mach—Zehnder inter- 
ferometer and fixed to zero (see Supplementary Information). With a 


|?) |H)|R) +e'|V)|Z)) (1) 


(|H)as|H)s +e + 


plate; L, lens; M, mirror; SMF, single-mode fibre; W, write beam; R, read 
beam; S, Stokes field; AS, anti-Stokes field; 2, Rabi frequency of light fields. 
b, The time sequence of the experimental procedure at each site. For 6-m 
(300-m) fibre connection, there are 250 (200) experiment cycles in 5 ms and 
AT is 16 js (20 ls) for one cycle, which contains N = 10 (N = 8) write 
sequences. The interval between two neighbouring write pulses is dt, = 1 [is 
(1.5 ts) and df, is the storage time. Whenever there is a desired coincidence 
event between photons 2 and 3, the following write sequence is stopped by a 
feedback circuit and the retrieve process can be started (at the time point 
labelled ‘Trig. on’). 


time delay 54, = 0.5 ps, the measured polarization correlations of the 
Stokes and anti-Stokes photons show a strong violation of a CHSH- 
type Bell’s inequality, with a visibility of 92%. Further measurement 
shows our atom—photon entanglement still survives up to a storage 
time of 54, = 20 pts (see Supplementary Information). 

We now describe the entanglement generation between atomic 
ensembles I and II via entanglement swapping. As shown in Fig. 1, 
photon 2 from Alice and photon 3 from Bob are both sent through a 
3-m optical fibre to an intermediate station for a joint BSM. In the 
experiment, we chose to analyse the projection onto the Bell state 
|O*),3= (1/V2) (|H),|H);+|V)2|V)3), which is achieved by 
overlapping photons 2 and 3 onto a polarizing beam splitter 
(PBSm) and performing a proper polarization decomposition in 
the output modes and a subsequent coincidence detection”. 
Conditioned on detecting a |®*), , state at the intermediate station, 
the two remote atomic ensembles are projected onto an identical 
entangled state”*: |p * ie = (1/72) (\L))|L) +/R):|R)n)- 

It is noteworthy that double excitations in either atomic ensemble I 
or II will cause false events in the BSM”"®, which reduce the success 
probability of entanglement swapping by a factor of 2. 
Experimentally, the false events can be eliminated at the stage of 
entanglement verification by the fourfold coincidence measurement 
of photons 1, 2, 3 and 4. Note that the detection time of photons | and 
4 is later than that of photons 2 and 3 by an interval 6¢,, the storage 
time in quantum memories. More importantly, such false events do 
not affect the applications of our experimental method in quantum 
repeaters, since the generation of entanglement will be deterministic 
after a second step of connecting two such nodes, where double 
excitations are excluded automatically”"”. 

The entanglement established between atomic ensembles I and II 
can be verified by converting the atomic spins into an entangled 
photon pair 1 and 4, which are in the state |®*), ,. Here we measure 
the S parameter in a CHSH-type Bell’s inequality, 


S=|E(0;,04) — E(0,,0;) — B(0/ 04) — E(0/,0/) (3) 


where E(0,, 04) is the correlation function, and 0, and 6 (0, and 6!) 
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are the measured polarization bases of photon 1 (4). In the measure- 
ment, the polarization settings are (0°, 22.5°), (0°, —22.5°), (45°, 
22.5°) and (45°, —22.5°), respectively. 

Ata storage time 6f, = 500 ns, the measured correlation functions 
(shown in Fig. 2) result in $= 2.26 + 0.07, which violates Bell’s 
inequality by 3 standard deviations. To observe the lifetime of the 
entanglement between two remote memory qubits, we measure the 
interference visibility of photons 1 and 4 as a function of the storage 
time by choosing the polarization basis of + /— (shown in Fig. 3, 
with | +) = (1/2) (|H)+|V)) and |—) = (1/V2)(|H) —|V))). Up 
to a storage time of 4.5 ls, the visibility is still higher than the thresh- 
old of 1/ \/2, sufficient for the violation of Bell’s inequality. From the 
visibilities of the atom—photon and atom-atom entanglements, the 
precision of local operations at the BSM station is estimated to be 
better than 97% (see Supplementary Information). We emphasize 
that this precision achieved here surpasses the threshold of 95% for 
local operations of independent photons necessary for future entan- 
glement purification and connections’, and therefore fits the require- 
ment for a scalable quantum network. 

To demonstrate the robustness of our protocol in the generation of 
quantum entanglement between two atomic ensembles over large 
distances, we changed the length of the two connecting fibres from 
3m to 150m. The anti-Stokes photon is delayed 730ns and the 
connection length between Alice and Bob is 300 m. The entanglement 
swapping can be quantified by the fidelity of the measured state of the 
atomic ensembles. To determine the fidelity, we write the density 


matrix of |p* » 1 in terms of the Pauli matrices: 


17)" |= 4 UF bbe 86, +626) (4) 


(0°, -22.5°) (45°, 22.5°) (45°, -22.5°) 


Correlation function, E(@,, 64) 
oO 
oO 


Figure 2 | Correlation functions of a CHSH-type Bell's inequality with a 
storage time dt, = 500ns. The x axis of the bar graph is labelled with (0), 
04), where 6, and 64 are the measured polarization bases of photons 1 and 4, 
respectively. Error bars represent statistical errors, which are +1 s.d. 
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Figure 3 | Visibility of the atom-atom entanglement as a function of the 
storage time with 6-m fibre connection. Filled black squares, visibility; 
dotted line, threshold for the violation of the CHSH-type Bell’s inequality. 
Error bars represent statistical errors, which are +1 s.d. 
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Figure 4 | Polarization analysis of photons 1 and 4 when the connection 
channel is a 300-m fibre. The bars indicate the observed fractions for the 
counts of specific polarization observables over the total counts of all the 
polarization observables. For instance, the bar at ++ shows the ratio 
between the counts of the observable |+ +) (+ +| and the total counts of 
observables | + +)(+ +], |+—)(+—|,|—+)(—+| and |——)( |. 
The polarization bases are chosen as a, +/—; b, H/V; ¢, O/U. 


Here o,=|+)(+|-I-—h 9,=|U)V|—[0)(O] and o,= 
|H)(H|—|V)(V|, with |O)=(1/v2)(|H)+iV)) and |0)= 
(1/2) (\|H) —i|V)). After a storage time of 1,230 ns (with a 730- 
ns delay being taken into account), the two retrieved photons | and 4 
are sent to their own polarization analyser. Three series of polariza- 
tion settings are used and the measured local observables are shown 
in Fig. 4. The fidelity of final state p.., on |p*) is given by 


F=Tr(Pexp|O* den O" ) =0.83+0.02, with 2.5 standard devia- 


tions beyond the threshold of 0.78 to violate the CHSH-type Bell’s 
inequality for Werner states, demonstrating the success of entangle- 
ment swapping. This fidelity is comparable to the average value 
achieved in the DLCZ-type functional quantum node™. 

In summary, we have successfully demonstrated high-precision 
entanglement swapping with storage and retrieval of light, a building 
block for quantum repeaters. The extension of our work to longer 
chains will involve many quantum repeater nodes. To achieve this 
ambitious goal, several quantities—such as the lifetime and retrieve 
efficiency of the quantum memory, and the fidelity and generation rate 
of the entanglement state—still need to be improved significantly. We 
suggest three ways forward. First, better compensation of the residual 
magnetic field and trapping the atoms in ‘clock states’** with a blue- 
detuned optical trap” should improve the lifetime to ~1 s. Second, a 
high optical density of the atomic cloud, achieved with the help of traps 
or by coupling the atoms into an optical cavity*®, should increase the 
retrieve efficiency close to unity. These improvements of the quantum 
memory would greatly enhance the fidelity and generation rate of the 
entanglement. Last, by local generation of entangled pairs of atomic 
excitations together with the present technique of entanglement swap- 
ping, the entanglement distribution rate can be greatly improved”’. 
Not only does our work enable immediate experimental investigations 
of various quantum information protocols, but—with the above- 
mentioned future improvements—entanglement swapping with 
storage and retrieval of light would also open the way to long-distance 
quantum communication. 


METHODS SUMMARY 


As shown in Fig. 1, Alice and Bob each have a cold atomic ensemble consisting of 
about 10° atoms of *’Rb with temperature ~100 UK. After 20 ms of loading 
atoms into their MOTs separated by ~60cm, we switch off the laser beams 
and magnetic fields of the MOTs and start a 5-ms-long experiment cycle. At 
each site, atoms are first prepared in the initial state |), followed by a (50 ns long, 
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~1utW) weak write pulse, which has a beam waist of 240 lm and is 10 MHz red- 
detuned from the |a)—|e) transition. Two anti-Stokes fields AS; and ASz 
induced by the write beam via spontaneous Raman scattering are collected at 
+3° relative to the propagating direction of the write beam (70m waist, 
|e) >|b)). The excitation probability (7,,,.) of the collective modes m (m= L, 
R) is low (% <1); thus the state of the atom—photon field can be expressed as’? 


|P) = |0AsOb) m+ VXml LAs Lb) m+ On) 


and |iasip) ,, denotes the i-fold excitation of the anti-Stokes field and the collect- 
ive spin in the atomic ensemble. The read beam is counter-propagating and 
mode-matched with the write beam with a pulse length of 50 ns, a power of 


60 LW and a frequency close to resonance of the |b) |e) transition. 
Received 9 March; accepted 3 July 2008. 
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Late Pliocene Greenland glaciation controlled by a 
decline in atmospheric CO, levels 


Daniel J. Lunt’”, Gavin L. Foster’, Alan M. Haywood* & Emma J. Stone! 


It is thought’” that the Northern Hemisphere experienced only 
ephemeral glaciations from the Late Eocene to the Early Pliocene 
epochs (about 38 to 4 million years ago), and that the onset of 
extensive glaciations did not occur until about 3 million years 
ago**. Several hypotheses have been proposed to explain this 
increase in Northern Hemisphere glaciation during the Late 
Pliocene’. Here we use a fully coupled atmosphere—ocean gen- 
eral circulation model and an ice-sheet model to assess the impact 
of the proposed driving mechanisms for glaciation and the influ- 
ence of orbital variations on the development of the Greenland ice 
sheet in particular. We find that Greenland glaciation is mainly 
controlled by a decrease in atmospheric carbon dioxide during the 
Late Pliocene. By contrast, our model results suggest that climatic 
shifts associated with the tectonically driven closure of the Panama 
seaway”®, with the termination of a permanent El Nifio state” or 
with tectonic uplift’? are not large enough to contribute signifi- 
cantly to the growth of the Greenland ice sheet; moreover, we find 
that none of these processes acted as a priming mechanism for 
glacial inception triggered by variations in the Earth’s orbit. 

During the Early and Middle Eocene (~56—40 Myr ago), when 
proxy data indicate high-latitude continental winter temperatures 
as high as 2°C (ref. 12), Greenland was mostly free from ice’. 
There is some evidence of North Atlantic ice-rafted debris (IRD) in 
the Late Eocene and Early Oligocene (~38—30 Myr ago), indicating 
early ephemeral glaciations', and continued evidence for IRD 
through the Miocene’; however, the entry into an ‘icehouse’ world 
in the Northern Hemisphere, with extensive glaciation over much of 
Greenland, is thought to have occurred in the Late Pliocene around 
3 Myr ago**. Several explanations have been proposed for this 
increase in glaciation during the Late Pliocene. Here we focus on 
their implications for the development of the Greenland ice sheet. 

The ‘Panama hypothesis’ suggests that the tectonically driven 
closure of the Panama seaway, between about 13 Myr and 2.5 Myr 
ago, led to an increase of the salinity contrast between the Pacific and 
Atlantic oceans, increased oceanic northward heat transport, and 
warmer and more evaporative surface water masses in the North 
Atlantic. This led to increased atmospheric moisture in the Arctic, 
greater snowfall over Greenland and ultimately an increase in ice 
volume. This hypothesis is supported by the coincidental timing of 
changes in salinity gradient between the Caribbean basin and the East 
Pacific, and pulses of increased IRD on the Icelandic Plateau’. 

The ‘ENSO hypothesis’ states that a ‘permanent El Nino’ state 
existed in the Early Pliocene and terminated in the Late Pliocene, 
evidence for which comes in the form of an increasing zonal gradient 
in sea surface temperature during this time period, reconstructed 
from the ratio Mg/Ca (ref. 7), oxygen isotope data (8'°O)’ and alke- 
none data from sediment cores* in the eastern and western Equatorial 
Pacific. It has been suggested” that the transmission of El Nifio-like 


anomalies from the tropics through large-scale planetary waves may 
have warmed the high latitudes of the Northern Hemisphere, and 
thus a permanent El Nino state may have acted to retard the onset of 
Northern Hemisphere glaciation. Therefore the loss of a permanent 
El Nino state in the Late Pliocene acted as a positive forcing mech- 
anism for the onset of glaciation on Greenland. 

The ‘uplift hypothesis’ suggests that the Cenozoic uplift of the 
Rocky Mountains and Himalayas influenced atmospheric circula- 
tion, by causing larger Rossby wave amplitude and jet-stream deflec- 
tion, to bring cooler air masses and increased moisture and snowfall 
over the incipient Greenland ice sheet. 

The ‘CO, hypothesis’ states that decreased radiative forcing assoc- 
iated with a lowered concentration of atmospheric CO; led to cooler 
melt-season temperatures and decreased ablation, resulting in the net 
annual accumulation of snow necessary to grow an ice sheet. In con- 
trast to the Quaternary, for which ice cores provide detailed and 
robust records” of past CO, pre-Quaternary atmospheric CO? con- 
centration is a challenge to reconstruct owing to the lack of direct 
indicators. Estimates from the '°C/'C ratio of alkenones in marine 
sediments and boron isotopes in marine carbonates'”'® suggest 
Eocene atmospheric CO, of the order of 1,000 p.p.m.v., falling to 
levels as low as 200 p.p.m.v. in the Middle Miocene, and then rising 
through the Miocene to levels similar to pre-industrial in the Early 
Pliocene’. Estimates from the '°C/'C ratio of marine organic mat- 
ter’ indicate mid-Pliocene (3.3-3.0 Myr ago) atmospheric CO, values 
of around 400 p.p.m.v., which is in broad agreement with estimates 
from the stomatal density of fossilized leaves’? from the same period. 
The CO, hypothesis suggests that it is the fall from these mid-Pliocene 
values to lower values typical of the Quaternary that favoured the 
development of Northern Hemisphere glaciation and the growth of 
the Greenland ice sheet. It does not suggest what may have caused the 
variations in CO, through the Cenozoic; these variations may them- 
selves have been ultimately tectonically driven", but this is distinct 
from the direct tectonic and orographic forcings of the Panama and 
uplift hypotheses. 

It has also been suggested that none of the above hypotheses were 
capable of causing glacial inception on their own, but instead pro- 
vided a ‘priming’ mechanism, with full glaciation triggered by varia- 
tions in the Earth’s orbit. This ‘orbital-trigger hypothesis’ is 
supported by the coincident timing of increased IRD with particu- 
larly large-amplitude oscillations on precessional timescales of boreal 
summer insolation’. 

To test the four main hypotheses—Panama, ENSO, uplift and 
CO,—and the influence of orbital variations, we carried out a suite 
of simulations using a fully coupled atmosphere—ocean general cir- 
culation model (GCM), and used the modelled temperature and 
precipitation over Greenland to drive an off-line ice-sheet model. 
See Methods and Supplementary Information for details. 
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Figure 1 shows the GCM-predicted temperature and precipitation 
changes in the Greenland region associated with the four non-orbital 
hypotheses. The closure of the Panama seaway has a significant effect 
on the simulated global ocean circulation, leading to increased over- 
turning in the Atlantic and increased northward transport of warm 
surface waters”. This ocean-driven temperature signal is advected 
over continental regions, and there is a resulting increase in summer 
temperature over Greenland (Fig. la). Associated with the surface 
warming is increased evaporation and precipitation. This strong cor- 
relation between temperature and precipitation change is common 
to all the simulations presented here. In particular, in this case, pre- 
cipitation in the North Atlantic (where the changes in sea surface 
temperature are largest) increases significantly on closure of the 
Panama seaway. This results in increased snowfall over Greenland 
itself, in particular in the southeast (Fig. le), where the high-altitude 
coastal mountain ranges amplify the precipitation increase. 

The termination of the permanent El Nifo state leads to an 
increase in northward heat transport in the Atlantic, which increases 
surface temperatures in the North Atlantic, just south of Greenland 
(Fig. 1b). However, this temperature signal does not extend over 
Greenland itself, where the summer temperatures are relatively 
unchanged. There is an increase in annual mean precipitation over 
Greenland associated with a northward shift of the Atlantic storm 
track (Fig. 1f); again this change is concentrated in the southeast. 

The uplift of the Rocky Mountains leads to local cooling in western 
North America because of the higher surface elevation and associated 
increase in snow cover, especially in winter. In summer, this signal is 
advected downstream over much of Canada and the North Atlantic, 
and into Greenland itself (Fig. 1c). Additionally, uplift on the west 
coast of Greenland leads to localized cooling. The cooler surface 
temperatures in the Northern Hemisphere result in a generally drier 
climate over Greenland following uplift; however, a slight northward 
deflection of the Atlantic storm track does lead to greater precipita- 
tion on the southern margins of Greenland (Fig. 1g). 

Decreasing CO, during the Late Pliocene leads to global cooling of 
1.3°C. Consistent with simulations carried out under present-day 
boundary conditions’, the temperature response is greatest at high 
latitudes, primarily owing to albedo feedbacks related to changes in 
snow and sea-ice coverage. In contrast, the cooler planet and 
increased meridional temperature gradient in the low-CO, simu- 
lation results in increased overturning strength in the North 
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Atlantic, leading to greater northward oceanic heat transport, and 
a slight increase in temperature in the Barents Sea (Fig. 1d). Over 
Greenland, however, the direct CO, response dominates, and there is 
a summer cooling. The globally cooler climate results in generally 
decreased evaporation from the Earth’s surface, and a global average 
decrease in precipitation. This is also true over Greenland itself, 
where the annual mean precipitation decreases (Fig. 1h), again con- 
sistent with high-CO, simulations carried out under present-day 
boundary conditions”'. 

On first inspection the results shown in Fig. 1 could provide sup- 
port for each of the hypotheses; for instance, both the Panama and 
ENSO anomalies are characterized by increases in precipitation over 
Greenland, and both the uplift and CO, anomalies are characterized 
by decreases in temperature. However, these climate anomalies are 
not sufficient on their own to draw conclusions about possible 
impacts on Greenland glaciation. The mass balance of an ice sheet 
is a complex function of the geographical and temporal distribution 
of accumulation, ablation and underlying bedrock, and is influenced 
by ice dynamics. Therefore we made use of a high-resolution ice- 
sheet model, which includes a representation of these processes, 
given the temperature and precipitation predictions from the 
GCM. The role of albedo feedbacks in these simulations is discussed 
in the Supplementary Information. 

The resulting equilibrium configurations for the Greenland ice 
sheet are shown in Fig. 2. The closure of the Panama seaway actually 
reduces the volume of the ice sheet (compare the control configura- 
tion, Fig. 2c, with Fig. 2a). The warmer Greenland summer surface 
temperatures in the closed-seaway Pliocene control case result in 
increased ablation around the margins of the ice sheet, enough to 
remove the ice cap in the south of the island that is present in the 
open-seaway configuration. The increased precipitation results in a 
small increase in the maximum height of the ice cap in the east. The 
net change is a decrease of 0.8 m sea level equivalent (SLE) of the total 
ice volume on closure of the Panama seaway. 

The termination of the permanent El Nino state also leads to a 
small decrease in volume of the ice sheet (0.3 m SLE; compare Fig. 2c 
with Fig. 2b). In this case, the limited response of the ice sheet is due 
to the relatively small changes in temperature and precipitation over 
Greenland (Fig. 1b, f). 

Tectonic uplift does lead to a slight increase in Greenland ice 
volume (0.5m SLE; compare Fig. 2d with Fig. 2c), with localized 
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Figure 1| Surface climate anomalies associated with the four hypotheses 
considered. a-d, Simulated surface temperature change (°C) during 
Northern Hemisphere summer due to closure of the Panama seaway 
(a), termination of a permanent El Nino state (b), tectonic uplift (c), 
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decreasing CO, (d). eh, Simulated annual precipitation change 
(mm day ') due to closure of the Panama seaway (e), termination of a 
permanent El Nino state (f), tectonic uplift (g), decreasing CO, (h). 
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Figure 2 | Ice-sheet configurations. a-e, Pliocene ice-sheet configuration 
with open seaway (a), permanent El Nifo (b), closed seaway, dynamic 
ENSO, low orography and high CO) (the Pliocene control) (c), high 


inception occurring in the south and northwest of the island, where 
temperature anomalies are the greatest (Fig. 1c). However, this is not 
extensive enough to be considered entry into full glaciation. 
Decreasing CO, has a considerable effect on the evolution of the 
ice sheet (compare Fig. 2e with Fig. 2c). The cooler summer tempera- 
tures under low-CO, conditions result in decreased ablation of the 
ice sheet, an effect that dominates over the decrease in accumulation. 
The net change is a large increase in volume of 6.3 m SLE. Notably, as 
well as being larger in volume, the low-CO, ice sheet also has the most 
extensive marine margin, capable of producing greater IRD. 

To test the alternative hypothesis that one of these mechanisms 
acted in conjunction with favourable orbital conditions to produce 
an increase in glaciation, we repeated the five ice-sheet model simu- 
lations but included an additional time-varying forcing component, 
peaking at values appropriate for a cold orbit favourable for incep- 
tion in the Northern Hemisphere. For more details see Methods and 
Supplementary Information. 

The maximum ice-sheet extent from these transient orbital simu- 
lations, representing the Pliocene glacial configuration of the 
Greenland ice sheet, is represented in Fig. 2 as a blue line. As expected, 
the ice sheet expands for all five of these glacial simulations. However, 
with the exception of the larger low-CO, ice sheet, all of the ice sheets 
are similar in size. Therefore, there is no evidence that any of the 
tectonic and oceanographic changes modelled here have a ‘priming’ 
effect that promotes glaciation under favourable orbital conditions. 

This study indicates that the decrease in atmospheric CO), from 
the high values of the mid-Pliocene to the lower values of the 
Quaternary, drove a significant increase in Greenland glaciation. It 
shows that the climatic shifts associated with the tectonically driven 
closure of the Panama seaway, with the termination of a permanent 
El Nino state, or with tectonic uplift, were not large enough to con- 
tribute significantly to this increase. In addition, it suggests that none 
of these processes acted as a priming mechanism for inception, trig- 
gered by orbital variations. It does, however, support the assertion 
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orography (d) and low CO, (e). The blue line represents the extent of the ice 
sheet under orbital conditions favourable for inception. The arrows 
represent the direction of geological time. 


that some ice did exist on Greenland before the onset of extensive 
glaciation, and that this waxed and waned on orbital timescales, a 
conclusion that is consistent with orbital timescale variations in ben- 
thic '80/'°O ratios before 3 Myr ago”*. Further confidence in our 
results can be gained by noting that the dominant role of CO, com- 
pared with the other hypotheses is robust to variations in key para- 
meters in the ice-sheet model, and also holds under warm-orbit 
conditions (see Supplementary Information). The work highlights 
the need for detailed multi-proxy CO, reconstructions through the 
Cenozoic, and expansion of the IRD record from the North Atlantic. 


METHODS SUMMARY 


We used the UK Met Office model HadCM3 (ref. 23) to carry out the suite of 
GCM simulations. As well as a Pliocene control, these were simulations with an 
open Panama seaway (to test the Panama hypothesis), a permanent El Nifio (to 
test the ENSO hypothesis), modern orography (to test the uplift hypothesis), 
low-CO, (to test the CO, hypothesis) and a cold-orbit (to test the orbital-trigger 
hypothesis). We used the UK ice-sheet model GLIMMER” to carry out the ice- 
sheet model simulations. In the non-orbital ice-sheet simulations, the temper- 
ature and precipitation from the GCM were used to force the ice-sheet model to 
equilibrium. In the orbital ice-sheet simulations, the cold-orbit GCM was used to 
create a 10,000-year synthetic orbital cycle, covering half a precession cycle. For 
more details, and descriptions of the models used, see online Methods and 
Supplementary Information. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Here we describe the GCM and ice-sheet simulations analysed in this paper. 
Further details can be found in the Supplementary Information. 

The Pliocene control GCM simulation is a 580-year extension of the equival- 
ent Pliocene control simulation described by Haywood and Valdes”. The open- 
seaway simulation is a 200-year extension of the equivalent simulation of Lunt et 
al.°. This allows a closer degree of equilibrium to be obtained than in those 
studies. The permanent El Nifo simulation is the same as the ‘PlioPacific?"“""” 
simulation discussed by Haywood et al.’°. The uplift and CO, simulations are 
both 200 years long, and are initialized from the end of the Pliocene control 
simulation of Lunt et al.”°. 

The Pliocene control GCM simulation conforms to the PRISM2 (Pliocene 
Research, Interpretation and Synoptic Mapping-2) standard”. It has been found 
to be in reasonable agreement with global proxy data and, in particular, in 
excellent agreement with Arctic palaeobotanical data and palaeotemperature 
estimates”. 

To test the Panama hypothesis we carried out an open-seaway perturbation 
simulation, representing a time period prior to the control, in which a connec- 
tion of 350 m depth was made between the Pacific and Atlantic in the region that 
forms the Panama Isthmus in the Pliocene control simulation, in agreement with 
proxy data appropriate for this time interval’*. 

To test the ENSO hypothesis, we carried out a simulation in which Pacific sea 
surface temperatures between 40° north and south of the Equator were forced 
towards a constant value, typical of the western Pacific. This represents the 
permanent El Nifo state which may have existed earlier than the control, and 
is in contrast to the fully dynamic ENSO of the Pliocene control simulation. 

To test the importance of orographic changes, we carried out a high-oro- 
graphy perturbation simulation, representing a time period after the control, 
in which the orography was prescribed to be that of the present day, in contrast to 
the PRISM2 orography used in the Pliocene control simulation. The exception is 
in the glaciated regions of Greenland and Antarctica, where the Pliocene oro- 
graphy was used. The most important changes are in North America, where the 
Rocky Mountains in the PRISM2 data set are up to a kilometre lower than the 
present day. There are also regions of low orography in the PRISM2 data set on 
the west and east coasts of Greenland itself, which is consistent with data indi- 
cating late Cenozoic uplift around the North Atlantic”. 

To test the CO, hypothesis, we carried out a low-CO, simulation, again 
representing a time period after the control. In this simulation, atmospheric 
CO, was prescribed to be 280 p.p.m.v., a value appropriate for the pre-industrial 
period, in contrast to 400 p.p.m.yv. in the Pliocene control, which is at the upper 
end of mid-Pliocene atmospheric CO, estimates'* from carbon isotope (5'°C) 
data. To test the importance of orbital effects, we carried out a Pliocene cold- 
orbit simulation, in which the orbital configuration was set to be identical to that 
of 115,000 years before present (115 kyr Bp, the most recent glacial inception, 
following the last interglacial). The orbit at 115 kyr Bp is characterized by cold 
boreal summers, and at 65° north in July results in less insolation than any orbital 
configuration between 5 and 2 Myr ago” (see Supplementary Information). 

More details of the experimental set-up, spin-up and boundary conditions of 
all the GCM simulations are given in the Supplementary Information. 

For the non-orbital ice-sheet simulations, we used the temperature and pre- 
cipitation fields from the GCM to force the ice-sheet model for a total of 
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50,000 years, long enough for equilibrium with the driving climate to be reached. 
The GCM simulations were carried out using the modern orbital configuration, 
which results in an insolation at 65° north in July close to, but slightly colder 
than, the long-term average of the past 5 million years. The non-orbital ice-sheet 
simulations are therefore intended to represent a long-term average configura- 
tion of the Greenland ice sheet, in equilibrium with near-average orbital condi- 
tions. More details of the experimental set-up of the ice-sheet simulations are 
given in the Supplementary Information. 

The transient orbital ice-sheet experiments represent the forcing experienced 
during a transition from near-average orbital conditions to glacial orbital con- 
ditions, and back again. The orbital-trigger hypothesis states that under favour- 
able orbital conditions, one of the Panama, uplift, ENSO or CO, mechanisms 
could have produced a significant change in volume of the Greenland ice sheet. 
However, given that the orbital forcing is transient, it is not appropriate just to 
repeat the five GCM simulations including a constant favourable orbit. This 
would overestimate the orbital effect, as in reality the insolation at high latitudes 
varies in response to the ~20-kyr precessional cycle, the ‘favourable’ orbit being 
the maximum of this cycle. 

Therefore, we create a synthetic orbital cycle, by applying a time-varying 
anomaly on top of the five original GCM simulations, and use this to force 
the ice-sheet model. We simulate the ‘cold’ half of the cycle (10 kyr) only, as it 
is this that is appropriate for testing the orbital-trigger hypothesis. The max- 
imum of this anomaly (calculated relative to the Pliocene control with modern 
orbit) is obtained from the GCM simulation carried out under orbital conditions 
for 115 kyr bp, but otherwise Pliocene boundary conditions. For each orbital ice- 
sheet simulation, the initial condition is the equilibrium state from the corres- 
ponding non-orbital simulation. This corresponds to the fact that the non- 
orbital experiments are simulating an average ice-sheet configuration over many 
orbital cycles, whereas the orbital experiments represent a deviation from this 
long-term average state. Given that the 115-kyr orbit is fairly extreme in the 
context of the past 5 million years, this provides a strong test of the orbital-trigger 
hypothesis—for example, if the control cold-orbit ice sheet were significantly 
larger than the open-seaway cold-orbit ice sheet, this would imply that the 
closure of the Panama seaway acted as a ‘priming’ mechanism for glaciation, 
triggered by the favourable orbital conditions. More details of the orbital ice- 
sheet simulations are given in the Supplementary Information. 
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Formation of current coils in geodynamo simulations 


Akira Kageyama’, Takehiro Miyagoshi' & Tetsuya Sato! 


Computer simulations have been playing an important role in the 
development of our understanding of the geodynamo’”, but 
direct numerical simulation of the geodynamo with a realistic 
parameter regime is still beyond the power of today’s supercom- 
puters. Difficulties in simulating the geodynamo arise from the 
extreme conditions of the core, which are characterized by very 
large or very small values of the non-dimensional parameters of 
the system. Among them, the Ekman number, £, has been 
adopted as a barometer of the distance of simulations from real 
core conditions, in which Eis of the order of 107 '°. Following the 
initial computer simulations of the geodynamo*”*, the Ekman 
number achieved has been steadily decreasing, with recent geo- 
dynamo simulations** performed with E of the order of 107°. 
Here we present a geodynamo simulation with an Ekman number 
of the order of 10~’—the highest-resolution simulation yet 
achieved, making use of 4,096 processors of the Earth 
Simulator. We have found that both the convection flow and 
magnetic field structures are qualitatively different from those 
found in larger-Ekman-number dynamos. The convection takes 
the form of sheet plumes or radial sheet jets’, rather than the 
columnar cell structures’ that are usually found. We have found 
that this sheet plume convection is an effective dynamo and the 
generated current is organized as a set of coils in the shape of 
helical springs or at times as a torus. 

The Earth’s outer core is liquid iron in convective motion. To 
model the dynamo process in the outer core, we have performed a 
three-dimensional numerical simulation ofa magnetohydrodynamic 
(MHD) dynamo in a rotating spherical shell: an electrically conduct- 
ing fluid is confined between two concentric and co-rotating spheres 
with inner and outer radii of 7; = 0.3 and r, = 1.0, respectively. The 
two spheres rotate with the same angular velocity 2. The tempera- 
tures of the inner and outer spheres are kept hot and cold, respect- 
ively. Gravity works towards the centre of the spheres. We apply weak 
perturbations to the temperature and magnetic fields of the initial 
(unstable) condition. Thermal convection sets in, and the flow 
generates the magnetic field through the so-called MHD dynamo 
process. The Rayleigh number, Ra (ref. 11), measured at the bottom 
of the shell is 1.5 X 101°, which is 300-1,000 times larger than the 
critical value for the onset of convection. Both the Prandtl and mag- 
netic Prandtl numbers are unity. The Ekman number’ defined by 
E=y 7, 20r is 2.310” in this simulation, where v is viscosity. 
We believe that this is the lowest Ekman number achieved to date 
in geodynamo simulations. 

The smaller the Ekman number, the more difficult it is to perform 
the simulation, as it requires higher resolution and a higher paralle- 
lization rate of the code’’. By making use of a newly developed spher- 
ical grid system, the ‘Yin-Yang’ grid'*"*, we have achieved a high 
resolution geodynamo simulation for a full spherical shell region. 
The Yin-Yang grid is a kind of overset grid’, applied to the spherical 
geometry. Two identical grids, the Yin grid and the Yang grid, are 
combined with partial overlap to cover the full spherical shell region. 
The grid size is 511 (in r) X 514 (in 0) X 1,538 (in @) X 2 (Yin and 


Yang), with r radius (0.3 = r= 1.0), 0 co-latitude (1/4 = 0 = 3/4), 
and ¢ longitude (—32/4 < @ S$ 3/4). For this simulation, we have 
used 512 nodes or 4,096 processors of the Earth Simulator, which is 
the maximum size allowed for a calculation. 

It is broadly accepted that the convection flow in a rapidly rotating 
spherical shell may be described as a set of (time dependent) colum- 
nar convection cells'®. The convection columns are straight and par- 
allel to the spherical rotation axis, due to the strong constraint of the 
Coriolis force (Taylor-Proudman’s theorem). However, in our low-E 
regime (of the order of 10°”), we have found that the convection is 
made of a rather different basic structure—fine-scale thin jet sheets 
or sheet plumes. 

In the growing phase of convection in our simulation, the flow is 
formed in multicellular columns piled in the radial direction’, but 
after saturation, the convection takes a rather different form. 
Figure la shows the z or axial component of the vorticity, w,, in 
the equatorial and meridional planes at time t= 430 in our simu- 
lation unit, which is normalized by the sound wave crossing time of 
T>. The major flow is composed of many plumes elongated in the 
radial direction, rather than columns. Analysing the velocity vectors 
in detail, we have found that the plume structure is composed of jet 
flow in the positive s-direction and in the negative s-direction, side 
by side; here we use cylindrical coordinates (s, @, z) for description 
only. Supplementary Fig. 1 shows the velocity field in the equatorial 
plane by vector arrows. The width w of the jet plumes is very thin 
(w= 0.025), staying almost constant as radius s increases'*. The 
azimuthal Fourier mode number, m, of the flow is about 50 at 
s=0.4. The diffusion time tg scaled by w is tg = w*/n = 34 (where 
7 is resistivity), which is much shorter than our calculation time of 
430. 


Figure 1| Equatorial and meridional cross-sections of the axial component 
of the vorticity, «,. The Ekman number, E£, is 2.3 X 10 ’ inaand 2.6 X 10° 
in b. Convection plumes are evident in the equatorial cross-sections. The 
meridional cross-sections show that the flow is nearly two-dimensional. The 
convection in these low-Ekman-number regimes is organized as a set of thin 
plume sheets, rather than columnar cells. It can be seen that the larger 
Ekman number in b leads to thicker plume sheets. 


'Earth Simulator Center, Japan Agency for Marine-Earth Science and Technology, Yokohama, 236-0001, Japan. 
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As the meridional cross-section (Fig. 1a) shows, z-dependence of 
the velocity is very weak: the convection can be described as a set of 
sheet-like plumes. These sheets are not stationary; the timescale of the 
pattern changes may be estimated (roughly) from the sheet width w 
and the flow velocity v (timescale ~ w/v). The typical magnetic 
Reynolds number Rm= dv/7 = 700, where d is shell depth 
(d=r,—1;). The Elsasser number A is of the order of 1-10. For a 
comparison, we show simulation results for a larger Ekman number, 
E=2.6 X 10° (Fig. 1b); this figure suggests that a larger Ekman 
number leads to thicker plume sheets. 

Sheet plume convection has already been discovered in laboratory 
convection experiments on water in a hemispherical shell by Sumita 
and Olson’. Figure 2a shows a snapshot of a convection pattern of 
their experiment visualized by flakes, seen through the transparent 
equatorial plane. The Ekman number in their experiment was 
E=1%X10 ©. Figure 2b shows the distribution of w, of our simu- 
lation visualized by volume rendering viewed from the north. As the 
flakes are sensitive to velocity shear, the visualization of w, in Fig. 2b 
is a natural counterpart of Fig. 2a. Note that the sheet plumes branch 
off, going in an outward (positive s) direction. 

Another important characteristic of the flow observed in our simu- 
lation is the existence of zonal flow near the outer boundary. The 
direction of the zonal flow is westward. Figure 1a shows an indistinct 
spiral pattern with four arms, which is embedded in the zonal flow 
with azimuthal mode number m= 0. The power of the zonal flow, 
measured at the radius in the equator, is an order of magnitude larger 
than other modes. The co-existence of the sheet plumes and the zonal 
flow is a new feature that was not observed in the experiments by 
Sumita and Olson’. This zonal flow region near the outer spherical 
boundary is absent when E= 2.6 X 10 ° (Fig. 1b). This could be 
explained by a weak constraint imposed by the Coriolis force. We 
are analysing the formation mechanism of the zonal flow, and it will 
be reported in the near future. 

By observing the plume pattern as a movie in the equatorial plane, 
we found that the plumes can be divided into two parts—a lower part 
(near the inner core) and an upper part (near and above the middle 
depth of the spherical shell). The lower part drifts eastward, and 
upper part drifts westward. We note that the convection velocity 
develops faster than the magnetic field. The sheet plume structure 
is formed before the magnetic energy becomes large enough to affect 
the velocity field. Therefore, the sheet structure is not formed or 
maintained by the magnetic field. This is in contrast with a dynamo 
simulation under a low-E regime in a box geometry”, in which small 
scale flows are strongly affected by the Lorentz force. 


Figure 2 | Sheet plumes observed in experiment and simulation. a, The 
experiment by Sumita and Olson’. b, Our simulation. In Sumita and Olson’s 
experiment, a rotating hemispherical shell is filled with water. The 
centrifugal force plus gravity works in the radial direction. The cooled inner 
sphere causes thermal convection. This is a snapshot, visualized by flakes 
seen through the transparent equatorial plane; the Ekman number 
E=1X10 ° in this experiment. Similar sheet plumes can be observed in 
our simulation (b; E = 2.3 X 10”). This is a visualization by volume 
rendering of the axial vorticity. 
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The sheet plume convection is an effective dynamo. The total 
magnetic energy at t= 430 (Fig. la) is about 4 times larger than 
the total convection energy. The typical Alfvén velocity is 0.04 in 
our units. The magnetic field is generated mainly at mid-latitude 
and outside the tangential cylinder. This is confirmed by examining 
the distribution of the dynamo source term D= —v*(j X B) in the 
spherical shell, where v, j and B are respectively velocity, current and 
magnetic field. By analysing distributions of D, v and B, we have 
found that there are two kinds of mechanism by which the magnetic 
field can be generated in this simulation; in the first kind, the mag- 
netic energy is generated by downward (—v,) plume flows. In this 
case, typical B is perpendicular to v and the field lines are drawn by 
the downward v against the field tension force. This dynamo mech- 
anism is essentially the same as observed in our laminar dynamo 
simulation”. The second kind of dynamo mechanism is very differ- 
ent: in this case, B is parallel to v. The magnetic field is generated by 
upward (v, > 0) plume flows. The flow is accelerating in the positive s 
direction after a plume leaves from the inner hot boundary. The 
magnetic field lines embedded in the plume are stretched in the 
parallel direction by this acceleration. From mass conservation, 
stretching of a magnetic flux tube causes reduction of the tube 
cross-section, and therefore, flux density amplification. As the total 
volume of the flux tube is nearly constant, the total magnetic energy is 
increased by this stretching process. This magnetic field amplifica- 
tion by field line stretching is described as a classical picture of the 
MHD dynamo mechanism’, and it has recently observed in geo- 
dynamo simulations”. 

Stretching by the parallel flow makes the magnetic field both 
strong and straight. Thus a straight flux tube is formed that is 
embedded in the upward-moving sheet plume. The localized 
straight flux tube leads to the formation of a current coil around 
the tube. Figure 3 shows a whole current field structure visualized by 
current lines, started from a sphere at r= 0.46 with nearly uniform 
distribution of starting points. We can see that there are many 
current coils. The distribution of the current coils is relatively loca- 
lized in the north and south mid-latitude. By analysing the current 
field in detail by virtual reality visualization*’™*, we have found that 
most of the current coils are in the form of a helical spring, but that 
some of them are in a torus configuration. Plotting the distribution 
of the dynamo source term D, we have confirmed that the current 
coils are located in regions of strong positive D. The magnetic field is 
generated at the current coils. Figure 4 shows typical current coils 
with magnetic field lines; a helical spring at higher latitude and a 
torus at lower latitude. As Fig. 3 suggests, the axial dipole field is not 
dominant in this simulation. Almost all the spherical harmonic 
modes with degrees from /=1 (dipole) to 1~ 10 are of the same 
order of magnitude. In this sense, this could be regarded as a kind 
of general dynamo simulation, rather than a reproduction of the 
geodynamo. 

To analyse the magnetic field of our simulation data, we first drew 
(many) magnetic field lines, but the resulting pictures were too com- 
plicated to understand. However, by drawing current lines, the 
hidden structure of the magnetic field was disclosed. We found that 
the current coil structure survives, though in a less distinctive 
fashion, in the higher-Ekman-number (E = 2.6 X 10 °) case; see 
Supplementary Fig. 2. 

Our simulation indicates that the convection and its dynamo 
enters a new regime when we decrease the Ekman number to the 
order of 10~’. Dynamo scalings’?> established by simulations with 
E=10 ° should be checked in this new dynamo regime. The current 
coils and straight magnetic flux tubes found in this simulation may be 
relevant to the solar dynamo, as sunspots are formed by emerging 
magnetic flux tubes. Finally, we note that the magnetic Prandtl num- 
ber (Pm = 1) in this simulation is far from the Earth’s outer-core 
value, which is of the order of 10” °—the next challenge is to find the 
effects of different values of Pm. 
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Figure 3 | Current field structure near the inner core at t = 430. This is the 
same simulation as shown in Fig. la. The blue lines are current field lines. 
The left image shows the distribution in the spherical shell. The tracings of 
the current lines start from a sphere at r = 0.46. The orange sphere of 


r = 0.41 is placed to help the view. The current field is organized as a set of 
‘coils’, located mainly in the middle latitudes. The right panel is a magnified 
image. Most of the current coils are in the form of a helical spring, but some 
of them form a torus. 


Figure 4 | Detailed structure of two typical current coils (blue) with their 
associated magnetic field lines (pink). There are two helical coils in a. The 
upper one is a helical spring and the lower one is a torus. The coloured plane 
in ais a cross-section perpendicular to the z-axis in the northern hemisphere. 
(This is not the equatorial plane.) The colour in the plane denotes the mass 
density; the fluid with high density (red) is sinking (v, < 0), while the fluid 
with low density (blue) is rising. Panels b, ¢c and d show the helical spring coil 
ofa (the upper blue coil) viewed from different angles. This is a typical helical 


METHODS SUMMARY 


The physical model, basic equation, and boundary conditions adopted in this 
simulation are the same as used in our previous work*”°”***, The compressible 
MHD equations in the spherical shell geometry are discretized by the second- 
order finite difference method. The magnetic field has only a radial component 
on the inner and outer spherical boundaries. The time integration method is 
fourth-order Runge-Kutta. To avoid grid convergence near the poles of a spher- 
ical coordinate system, we have made use of the Yin-Yang grid system’*" in this 
simulation. We have used virtual reality visualization software VFIVE** in the 
CAVE virtual reality system” to obtain Fig. 4a and e. The current torus cell 
structure was first found by this virtual reality visualization. 
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Acetylcholine contributes through muscarinic 
receptors to attentional modulation in V1 


J. L. Herrero’*, M. J. Roberts'*+, L. S. Delicato'*+, M. A. Gieselmann’, P. Dayan? & A. Thiele! 


Attention exerts a strong influence over neuronal processing in 
cortical areas’. It selectively increases firing rates** and affects 
tuning properties'”, including changing receptive field locations 
and sizes**®. Although these effects are well studied, their cellular 
mechanisms are poorly understood. To study the cellular mechan- 
isms, we combined iontophoretic pharmacological analysis of cho- 
linergic receptors with single cell recordings in V1 while rhesus 
macaque monkeys (Macaca mulatta) performed a task that 
demanded top-down spatial attention. Attending to the receptive 
field of the V1 neuron under study caused an increase in firing 
rates. Here we show that this attentional modulation was 
enhanced by low doses of acetylcholine. Furthermore, applying 
the muscarinic antagonist scopolamine reduced attentional 
modulation, whereas the nicotinic antagonist mecamylamine 
had no systematic effect. These results demonstrate that muscari- 
nic cholinergic mechanisms play a central part in mediating the 
effects of attention in V1. 

Attention is a rich and complex psychological and neurobiological 
construct. In both non-human’ and human primates’, researchers 
have investigated a wealth of paradigms tapping visual attention, 
showing the selection of behaviourally relevant over behaviourally 
irrelevant stimuli, and the enhancement of the former’s processing. 
Further modulation of sensory areas is assumed to be driven by the 
frontal and parietal cortex”* through direct cortico—cortical feedback 
connections. However, frontal regions also influence sensory areas 
indirectly, through connections to cholinergic neurons in the basal 
forebrain that have ascending projections to sensory areas”'®, and 
there is ample evidence for the involvement of acetylcholine (ACh) 
in attentional modulation’®*. For instance, depletion of ACh in 
cortical areas by disrupting cholinergic fibres originating in the basal 
forebrain results in persistent attentional impairments'””’, and atten- 
tional deficits seen in Alzheimer’s disease partly arise from choliner- 
gic dysfunction'®. The precise nature of the contribution of ACh to 
attentional modulation in the cortex is at present unclear. Thus, we 
recorded the strength of attentional modulation in neurons from V1 
of three macaque monkeys, while simultaneously performing phar- 
macological analysis of cholinergic receptor contributions. Subjects 
performed a task demanding voluntary allocation of attention®’”” 
under control conditions and when ACh, or muscarinic or nicotinic 
receptor antagonists, were iontophoretically applied in the vicinity of 
the neurons under study”’”. 

We used identical task, training, and surgical and neurophysiolo- 
gical procedures as previously described*'” (see Methods Summary 
and Supplementary Methods). Neurons were activated by bar stimuli 
of optimal orientations centred on their receptive fields. Attention 
was manipulated by a visual cue, which guided attention to be in or 
away from the neurons’ receptive fields (the attend-receptive-field 


and attend-away conditions, respectively). The effect of attention on 
the firing rates of neurons was tested in 15-25 trials in each condition: 
control, drug-applied and recovery (see Supplementary Methods). 

We recorded 156 neurons from 3 monkeys (26 neurons in monkey 
B, 87 in monkey HU and 43 in monkey HO) in the absence and 
presence of ACh application (Supplementary Methods provides 
more details). We tested whether attention, bar length or drug 
application significantly affected neuronal activity, and whether 
there was a significant interaction between these factors (three-factor 
analysis of variance (ANOVA), P<0.05). We used the response 
period from 200 ms to 500 ms after stimulus onset for our analysis, 
as attentional modulation is most prominent during the sustained 
response in the striate*° and extrastriate cortex”®. 

Neurons were analysed further if attention and drug application 
significantly affected firing rates, or if a significant interaction 
between attention and drug application occurred. Strengths of atten- 
tional modulation were quantified by calculating the area under the 
receiver operating characteristic (ROC?) curve on the basis of single- 
trial responses (given knowledge of the bar length). ROC values of 0.5 
indicate that an ideal observer can only perform at chance level in 
deciding the locus of attention. Higher ROC values indicate greater 
attentional response enhancement, thus if ACh increased attentional 
modulation, ROC values should be increased in ACh-applied condi- 
tions relative to control conditions. 

A total of 86 out of 156 neurons (16 in monkey B, 38 from monkey 
HU and 32 from monkey HO) passed the basic statistical test (three- 
factor ANOVA) on application of ACh. As seen in Fig. la, ACh 
generally increased attentional modulation. The neuron showed a 
significant main effect of attention (F,,234 = 24.92, P< 0.001) and 
a significant effect of drug (Fi 234 = 6.7, P=0.01). ROC values 
showed that attentional modulation was increased on ACh applica- 
tion (ROC (—ACh): 0.6774 (0.8° bar length); ROC (+ ACh): 0.8262; 
for further example cells, see Supplementary Methods). The popu- 
lation ROC values for the drug and control condition are shown in 
Fig. 2a. In the presence of ACh, ROC values were increased. A two- 
factor ANOVA showed that the effect was significant for the popu- 
lation of cells and did not depend on bar length (data were converted 
to z-scores before testing; samples passed normality and equal vari- 
ance tests (P>0.05); factor 1, drug application: F,.s74 = 16.58, 
P<0.001 (two-factor ANOVA); factor 2, bar length: Fe.74 = 7.61, 
P<0.001, drug X bar lengths interaction: F¢.g74 = 1.058, P = 0.386). 
The effect of ACh application on attentional modulation was signifi- 
cant in monkey HO and monkey HU individually (P< 0.05), but not 
in monkey B. However, the trend in monkey B was the same as that in 
the other two monkeys, and the lack of significance was possibly due 
to the smaller neuronal sample. Figure 2b shows the time course of 
the effect of ACh on attentional modulation. The upper and lower 
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green curves show normalized population activities when ACh was 
applied for attention into and away from the receptive fields, respect- 
ively. The upper and lower red curves show the same, but without 
ACh. Thus, the widths of the colour-shaded regions show the evolu- 
tion of attentional modulation. The fact that the green areas are 
generally wider than the red ones is an indication of the boosting 
effect of ACh on attentional modulation. 

ACh slightly increased the overall firing rates (Fig. 2b), making it 
possible that increased ROCs were simply caused by multiplicative 
scaling of firing rates. However, it can be shown that ROC values are 
invariant to proportional rescaling of distributions (see 
Supplementary Methods). Furthermore, we calculated a modulation 
index for each cell, drug condition and bar length: modulation 
index = (activityattend receptive field — activityattend away)/ (activity attend 
receptive field + ACtiVitYattend away) Which normalizes explicitly for firing 
rate. In line with the ROC analysis, we found that ACh significantly 
increased the population modulation index (F),g74 = 9.49, P = 0.002, 
two-factor ANOVA), and that this was independent of bar length 
(Fo,g74 = 0.42, P = 0.869). 

Having established that ACh application increases attentional 
modulation, we were interested in the receptors that mediate this 
effect. Thus we recorded 118 cells (46 from monkey B and 72 from 
monkey HU) while monkeys performed the same task, but we 
applied the muscarinic antagonist scopolamine iontophoretically 
(see Supplementary Methods). Out of the 118 cells, 41 showed a 
significant attention and a significant drug effect, or a significant 
interaction between these two (20 cells from monkey B and 21 cells 
from monkey HU). 

Scopolamine generally reduced attentional modulation. An example 
cell is shown in Fig. 1b. Attention (F) 464 = 33.34, P< 0.001), drug 
application (F\,464 = 18.13, P<0.001) and bar length (F3,464 = 3.13, 
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P= 0.025) all had a significant effect on firing rates (three-factor 
ANOVA). Attentional modulation was significantly reduced in the 
presence of scopolamine (drug X attention interaction: F3,464 = 13.5, 
P<0.001). We quantified the effect of scopolamine application on 
attentional modulation by calculating the ROC for each cell and bar 
length. Population ROCs are shown in Fig. 3a. Scopolamine signifi- 
cantly reduced attentional modulation (F\ 466 = 27.744, P< 0.001, 
two-factor ANOVA). The effect of scopolamine on ROCs was inde- 
pendent of bar length (drug X< bar length interaction: Fe,466 = 0.217, 
P= 0.971). The reduction in attentional modulation with scopolamine 
application was significant for each monkey individually (P< 0.001). 

Figure 3b shows that the effect of scopolamine on the evolution of 
the population response in the same form as in Fig. 2b. The green 
shaded regions (scopolamine application) are now thinner than the 
red regions during the sustained response, indicating that attentional 
modulation was stronger in the absence of scopolamine application. 
Scopolamine also reduced firing rates, so, as for ACh, we also calcu- 
lated the firing-rate-normalized modulation index. Confirming the 
results from the ROC analysis, modulation indexes were significantly 
reduced on scopolamine application (Fi 465 = 11.15, P = 0.0009; see 
Supplementary Methods). 

ACh also acts on nicotinic receptors, which might equally contrib- 
ute to attentional modulation in V1. We therefore tested attentional 
modulation in the presence and absence of the nicotinic antagonist 
mecamylamine, whilst recording 151 V1 cells (113 cells from monkey 
HU and 39 cells from monkey HO). Significant effects of attention 
and of mecamylamine application, or an interaction, were found in 
65 cells (47 cells from monkey HU and 18 cells from monkey HO). 
Figure 4 shows the mean ROC values for these cells as a function of 
bar length for the control and the mecamylamine-applied condition. 
A two-factor ANOVA did not show significant effects of drug 
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Figure 1| Drug effects on attentional modulation. a, Attentional 
enhancement by application of ACh. We recorded the effect of attention on 
firing rates when no ACh was applied (16 trials) for three bar lengths in the 
attend-inside receptive field (RF) versus attend-outside (away) condition 
(box 1). Thereafter we recorded the effect of attention when ACh was applied 
(16 trials; box 2) followed by recovery (16 trials; box 3). The bottom plot 


Bar length (degrees) 


shows the average activity (from 200 ms to 500 ms after stimulus onset) for 
the different stimulus, attention and drug conditions. ACh increased 
attentional modulation. b, Effect of scopolamine application on neuronal 
attentional modulation. All conventions are as in a. Drug application and 
recovery were repeated three times (boxes 1-6). Scopolamine reduced 
attentional modulation. Error bars represent s.e.m. 
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application (F744 = 0.54, P = 0.465), whereas there was a significant 
effect of bar length (Fo744 = 2.98, P = 0.0069) on the size of the ROC 
values. There was no interaction between mecamylamine applied/ 
not-applied and bar length (F¢,744 = 0.40, P = 0.881). These findings 
were consistent for the two animals. The same outcome was true 
when the modulation index was used to quantify the effects of meca- 
mylamine application on attentional modulation (F,744 = 1.41, 

P= 0.236, two-factor ANOVA). 

None of the effects of ACh, scopolamine or mecamylamine were 
due to differences in eye position induced by drug application (see 
Supplementary Methods). 

For the neuromodulator dopamine it has been reported that only 
an optimal dose benefits neuronal and behavioural performance”, 
whereby too much and too little dopamine is detrimental for cog- 
nitive performance. We found evidence for a similar pattern of 
results for ACh in V1: that is, only small doses of extra ACh increased 
attentional modulation (for details, see Supplementary Methods). 

Systemic applications of cholinergic drugs or large injections into 
higher cortical areas have been shown to affect performance in 
humans” and macaque monkeys”'. The highly local character of 
iontophoretic drug application used in our study made it unlikely 
that performance would be affected, as even systemic infusions result 
in relatively small changes to reaction times’. In line with this 
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Figure 2 | Acetylcholine effects on attentional modulation. 

a, Quantification of attentional modulation by mean population ROC for 
different bar length with (black line) or without (red line) ACh application 
(86 cells; error bars denote s.e.m.). b, Normalized population response 
depending on ACh application, stimulus (bar length; indicated at the top of 
each subplot) and attention condition. Activity levels were normalized 
relative to the peak activity of each neuron and averaged across the 
population. The red lines indicate activity without ACh application; green 
lines represent activity with ACh application. The upper line of each colour 
plot shows the normalized activity when attention was directed to the 
neuron’s receptive field, the lower line when it was directed away from the 
receptive field. Widths of the coloured areas show strength of attentional 
modulation. ACh increased attentional modulation. 
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expectation, neither scopolamine nor mecamylamine application 
affected reaction times significantly. However, when ACh was 
applied we found a significant interaction between drug application 
and the locus of attention on reaction times (F\,31327 = 4.56, 
P= 0.038, three-factor ANOVA). ACh increased reaction times in 
the attend-away condition and decreased reaction times in the 
attend-receptive-field condition. This effect was significant across 
the three monkeys, but only individually in monkey HO 
(F.,5588 = 4.77, P = 0.029, three-factor ANOVA). Similar trends were 
found in monkey HU and monkey B, but they did not reach signifi- 
cance (interaction between ACh application and locus of attention 
on reaction times: monkey HU, F),29334 = 3.03, P = 0.081; monkey B, 
F,,s905 = 3.06, P= 0.080). These results indicate that ACh boosts 
aspects of attention when the animals attend to the stimulus in the 
receptive field, thus decreasing reaction times. The increase in reac- 
tion times in the attend-away condition could be due to improved 
neuronal processing at the application site making it more difficult to 
disengage attention from the irrelevant location, thus slightly 
increasing reaction times (for more information, see 
Supplementary Methods). 

We found that ACh contributes to attentional modulation in V1, 
of the macaque monkey through muscarinic, but not nicotinic, 
receptor mechanisms. Fewer excitatory cells compared to inhibitory 
cells are subject to muscarinic modulation in V1 (ref. 22), raising the 
possibility that our recordings were mostly from inhibitory neurons. 
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Figure 3 | Effect of the muscarinic antagonist scopolamine on attentional 
modulation. a, Quantification of attentional modulation by mean population 
ROC when scopolamine was (black line) and was not (red line) applied 

(n = 41 cells, error bars represent s.e.m.). ROC values were significantly 
reduced on scopolamine application, demonstrating that muscarinic 
receptors are involved in mediating the effects of attention in V1. 

b, Normalized population response depending on scopolamine application, 
bar length (indicated at the top of each subplot) and attention. The widths of 
the red and green shaded areas show the strengths of attentional modulation 
as a function of scopolamine application (green lines represent activity with 
scopolamine application; red lines denote activity without scopolamine 
application). Attentional modulation was reduced when scopolamine was 
applied. 
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Figure 4 | Effect of the nicotinic antagonist mecamylamine on attentional 
modulation. Attentional modulation was quantified by calculating the 
population ROC for the different bar lengths when mecamylamine was (black 
line) and was not (grey line) applied (1 = 65 cells). ROC values were not 
significantly affected by mecamylamine application. Error bars show the s.e.m. 


Analysis of the ‘spike’ waveform, however, suggests that recordings 
were mostly from excitatory neurons. Thus, the effects may have been 
mediated through local cortical circuitry, perhaps through an effect 
on the sort of oscillatory activity that has been linked to attentional 
effects”. Alternatively, the fact that attentional effects are stronger in 
V2 and V4 (ref. 24), where there are also more muscarinic receptors” 
on excitatory cells, suggests that the effects may have been more direct 
and not necessarily mediated by changes in the overall network state. 

Nicotinic receptors in macaque V1 are mostly located presynapti- 
cally on thalamocortical terminals in layer 4C, where they affect the 
neuronal gain”. Although attention affects firing rates in simple cells 
of V1 (ref. 26), where nicotinic receptors would be expected to have 
the most direct effect?’, our result indicates that this is not mediated 
at the thalamocortical synaptic input stage. Although we found no 
evidence of nicotinic receptor contribution to attentional modu- 
lation in V1 it is probable that they contribute to attentional modu- 
lation in higher areas”’, perhaps through the feed-forward cortico— 
cortical pathway. 

An important question for neuromodulatory accounts of atten- 
tion*® is reconciling the highly localized and fast effects of spatial 
attention with the apparent (though perhaps arguable’’) coarseness 
of the ACh innervation. One possibility is that an interaction between 
ACh and glutamatergic feedback mediates attentional processing in 
sensory areas. Increased amounts of ACh alter the strengths of the 
connections in V1 and the biophysical state of sensory neurons which 
may then allow spatially specific glutamatergic feedback to enhance 
specific incoming information. Other possible sources of highly loca- 
lized cholinergic contribution to attentional modulation are the 
recently described cholinergic cortical interneurons”. 

Future studies will be necessary to clarify these issues. Nevertheless, 
the first step in understanding attentional modulation is to unpick its 
cortical determinants; our findings directly address this. 


METHODS SUMMARY 


We recorded extracellular neuronal activity from three hemispheres in three 
male macaque monkeys (Macaca mulatta), whilst applying ACh, scopolamine 
or mecamylamine iontophoretically on selected trials. Animals were implanted 
with a custom made head-holding device and recording chambers made of 
Tecapeek GF for compatibility in functional magnetic resonance imaging set- 
tings. Surgical procedures were performed under aseptic conditions and general 
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anaesthesia. Experiments and surgeries were performed in accordance with the 
European Communities Council Directive 1986 (86/609/EEC), the National 
Institutes of Health (Guidelines for Care and Use of Animals for Experimental 
Procedures), the Society for Neurosciences Policies on the Use of Animals and 
Humans in Neuroscience Research, and the UK Animals Scientific Procedures 
Act. 

The monkey’s task was to detect a small change in luminance at a cued 
(attended) location, while ignoring a change that occurred at a non-cued loca- 
tion and fixating a central fixation spot throughout the trial. After a fixation-only 
period, two identical stimuli were presented (test stimuli): one centred on the 
receptive field and the other at the same eccentricity in the opposite hemi-field. 
After 500-800 ms (randomized in 1 ms steps) a patch appeared at the centre of 
one of the bars. If presented in the cued location the monkey had to release the 
touch bar within 500 ms to receive a juice reward. If presented in the un-cued 
location the monkey had to continue to hold the touch bar and maintain fixation 
until target appearance. This occurred 1,000-1,300 ms (randomized in 1 ms 
steps) after the distracter appeared. Thus, we recorded activity when animals 
attended to the receptive field of the neuron under study and when they attended 
away from it. We then compared activity levels for these attentional conditions 
with and without drug application. 

For all further information about the paradigm, the neuronal recordings, 
iontophoresis and data analysis, see Supplementary Methods. 
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A blend of small molecules regulates both mating and 
development in Caenorhabditis elegans 


Jagan Srinivasan'*, Fatma Kaplan****, Ramadan Ajredini”**, Cherian Zachariah”**, Hans T. Alborn’, 
Peter E. A. Teal’, Rabia U. Malik®, Arthur S. Edison”**, Paul W. Sternberg’ & Frank C. Schroeder® 


In many organisms, population-density sensing and sexual attrac- 
tion rely on small-molecule-based signalling systems’”. In the nem- 
atode Caenorhabditis elegans, population density is monitored 
through specific glycosides of the dideoxysugar ascarylose (the 
‘ascarosides’) that promote entry into an alternative larval stage, 
the non-feeding and highly persistent dauer stage**. In addition, 
adult C. elegans males are attracted to hermaphrodites by a prev- 
iously unidentified small-molecule signal*®. Here we show, by 
means of combinatorial activity-guided fractionation of the C. ele- 
gans metabolome, that the mating signal consists of a synergistic 
blend of three dauer-inducing ascarosides, which we call ascr#2, 
ascr#3 and ascr#4. This blend of ascarosides acts as a potent male 
attractant at very low concentrations, whereas at the higher con- 
centrations required for dauer formation the compounds no longer 
attract males and instead deter hermaphrodites. The ascarosides 
ascr#2 and ascr#3 carry different, but overlapping, information, as 
ascr#3 is more potent as a male attractant than ascr#2, whereas 
ascr#2 is slightly more potent than ascr#3 in promoting dauer 
formation’. We demonstrate that ascr#2, ascr#3 and ascr#4 are 
strongly synergistic, and that two types of neuron, the amphid 
single-ciliated sensory neuron type K (ASK) and the male-specific 
cephalic companion neuron (CEM), are required for male attrac- 
tion by ascr#3. On the basis of these results, male attraction and 
dauer formation in C. elegans appear as alternative behavioural 
responses to a common set of signalling molecules. The ascaroside 
signalling system thus connects reproductive and developmental 
pathways and represents a unique example of structure- and con- 
centration-dependent differential activity of signalling molecules. 

C. elegans hermaphrodites produce a chemical signal that strongly 
attracts males”. To identify this signal, we developed a new protocol for 
obtaining samples of secreted metabolites from different life stages of C. 
elegans (Supplementary Information). Biological activity of these sam- 
ples was confirmed using a bioassay in which time spent by males or 
hermaphrodites within the vicinity of a chemical sample was measured 
(Fig. la, Supplementary Movie 1, Supplementary Methods). To deter- 
mine the timing of mating pheromone release, samples from all life 
stages (egg, L1, dauer, L2, L3, L4, young adult and adult) were tested for 
biological activity on both males and hermaphrodites (Fig. 1b). C. 
elegans males were strongly attracted to L4, young adult and adult 
samples, whereas hermaphrodites were not attracted. Consistent with 
the observation that C. elegans reaches sexual maturity at the end of the 
LA stage® (Fig. 1b), these results indicated that L4, young adult and adult 
hermaphrodites secrete a chemical signal that specifically attracts males. 

To characterize the mating signal, we subjected samples derived 
from young adults to a multistep fractionation scheme, starting with 


C)g-reverse-phase solid-phase extraction chromatography. Strong 
male attraction was observed for one of the resulting fractions 
(Fig. 1c), which was further fractionated using coupled ion-exchange 
columns. Of the resulting seven fractions A to G, none was active at 
physiologically relevant concentrations when tested individually 
(data not shown), which suggested that male attraction depends on 
the synergy of two or more signalling molecules. To determine which 
fractions were required for activity, we assayed a series of combina- 
tions of fractions A—G; these assays showed that combination of 
fractions F or G with fraction A produced significant activity 
(Fig. 1d). 

Because fraction A appeared to be required for full activity, we 
characterized it using nuclear magnetic resonance (NMR) spectro- 
scopy’ and liquid chromatography-mass spectrometry (LC-MS) 
(Supplementary Figs 2 and 8 and Supplementary Table 1). Two- 
dimensional NMR spectroscopic analyses suggested that the major 
component of fraction A is a novel derivative of 5-O-ascarylosyl-5R- 
hydroxy-2-hexanone, or ascr#2 (according to proposed nomenclature 
for nematode compounds) (Fig. 2a, Supplementary Figs 3 and 4), 
which was recently shown to induce dauer formation in C. elegans’. 
Additional NMR spectroscopic analyses showed that the major com- 
ponent of fraction A features a B-glucosyl substituent attached to C2 of 
the ascarylose in ascr#2 (Supplementary Figs 5—7). These assignments 
were corroborated by LC-MS analyses that showed an m/z value of 426 
to represent the ammonium adduct (M + NH,~) ofa compound with 
a nominal mass of 408amMu and molecular formula C)gH320j9. 
Comparison of these spectroscopic data with those of synthetic sample 
of 5-O-(2'-O-[B-p-glucosyl]-ascarylosyl)-5.R-hydroxy-2-hexanone 
provided final proof for the identify of the major component of frac- 
tion A, which we named ascr#4 (Fig. 2a). 

The identification of ascr#4 in fraction A suggested that ascaro- 
sides might have a role as mating signals. Therefore, we analysed the 
fractions required for activity, A, F and G, for the presence of addi- 
tional ascarosides. LC-MS analyses revealed the presence of ascr#3 in 
fractions F and G, as well as of small amounts of ascr#2 in fraction A 
(Supplementary Fig. 8). Next we tested synthetic samples of the three 
identified ascarosides, ascr#2, ascr#3 and ascr#4, for activity, using 
the assay described in Fig. la (Fig. 2a). Consistent with the assay 
results for fractions A, F and G, none of the three compounds was 
active at physiological concentrations when tested individually (data 
not shown). However, at higher concentrations, ascr#2 and ascr#3 
were both active (Fig. 2b). The corresponding dose-response curves 
show a strongly biphasic activity profile (Fig. 2b), which is character- 
istic of many types of pheromone””. In contrast to ascr#2 and ascr#3, 
ascr#4 alone was not active in the male attraction assay, even at 


'Howard Hughes Medical Institute and Biology Division, California Institute of Technology, 1200 E. California Boulevard, Pasadena, California 91125, USA. “Department of Biochemistry 
and Molecular Biology, McKnight Brain Institute, *National High Magnetic Field Laboratory, University of Florida, PO Box 100245, Gainesville, Florida 32610-0245, USA. °Center for 
Medical, Agricultural and Veterinary Entomology, USDA-ARS, 1600-1700 SW 23rd Drive, PO Box 14565, Gainesville, Florida 32604, USA. °Boyce Thompson Institute, Cornell 


University, Ithaca, New York 14853, USA. 
*These authors contributed equally to this work. 


1115 


©2008 Macmillan Publishers Limited. All rights reserved 


LETTERS 


NATURE]|Vol 454|28 August 2008 


a E. coli OP50 lawn b Males adel 
coring regions gq 3004 GHermaphrodites sae 
4 & 250+ tek 
D 
© 2004 
Do 
5cm £1504 
8 
® 100+ 
& 
25 ® 504 
£ 
%™ F [4 ie 
fil LITCL2TC“L3TC "DIC “LaTC'YATC " 
Developmental stages of extract 
d 
= x a Control 
c 350 F 160 a Sample 
a aee Males 5 tokk 
= 300 a, GHermaphrodites > 1204 | *7* 
5 2 
‘m 250 D 
3 = 80 
2 200 9 
8 150 = 40 H r 
iS 
£ = 
o 100 - 04 
E 50 alll FractionA + | -] +] + |] + | + ry 
FractionB + + = = = - - 
0 Ez; 1 al a c| FractionC + + - 7 = = = 
o © SZ] Oo SZ] 0 BS FractionD + - 7 + = - - 
2 7/2 23\ 2 83lz 2? FractionE + + = + a = = 
8 8 2 8 = 8 = Fraction F + + - + + + - 
= FractionG + + - + + - + 


Figure 1| Activity-guided fractionation of worm metabolites. 

a, Representation of the bioassay used to measure mating behaviour in 
worms. Crosses mark the initial positions of the assayed animals (see 
Supplementary Methods). b, Male and hermaphrodite responses to secreted 
metabolites produced by hermaphrodites at different developmental stages. 
L1-L4, the first four larval stages; D, dauer stage; YA, young adult stage; A, 
adult stage; C, control. n = 30 animals for each histogram. c, Assay results 


concentrations much greater than physiological levels. Because the 
assay results for the ion-exchange fractions (Fig. 1d) suggested that 
the mating signal consists of multiple compounds that act synergis- 
tically, we combined ascr#2 and ascr#3 in amounts that did not elicit 
significant male attraction when assayed individually (10 fmol ascr#3 
and 100 fmol ascr#2; arrows in Fig. 2b). This mix produced strong 
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Figure 2 | Synergy between ascr#2, ascr#3 and ascr#4. a, Structures of 
ascr#1, ascr#2, ascr#3 and ascr#4. b, Dose-response curves of ascr#2 and 
ascr#3. c, Synergistic effects of ascr#2 and ascr#3 from points respectively 
indicated by red and blue arrows in b. d, Demonstration that the three 
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Combinations of ion-exchange fractions A-G 


for C,g-reversed-phase chromatography fractions of young adult metabolite 
extract. d, Assay results for combinations of ion-exchange fractions of the 
active fraction from c: A, neutral; B, 250 mM KCl anion; C, 250 mM KCl 
cation; D, 500 mM KCl anion; E, 500 mM KCI cation; F, 1,000 mM KCl 
cation; G, 1,000 mM KClanion. Error bars, s.e.m.; *P < 0.01, ***P < 0.0001, 
unpaired t-test (see Supplementary Methods). 


male attraction, demonstrating synergism of ascr#2 and ascr#3 
(Fig. 2c). 

At the concentrations of ascr#2 and ascr#3 found in fractions A 
and F, a mixture of these two compounds also produced significant 
activity, but was less potent than the combination of fractions A and F 
(Fig. 2d), suggesting synergy with a third component, perhaps ascr#4. 
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synthetic compounds account for most of the mating activity. For all entries, 
ascr#4 was tested at 1 pmol and ascr#2 and ascr#3 were each tested at 

20 fmol. n = 30 animals for each histogram. Error bars, s.e.m.; *P < 0.01, 
***P < 0.0001, unpaired t-test. 
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Additional tests using ternary mixtures of synthetic ascr#2, ascr#3 
and ascr#4 confirmed this hypothesis. A physiological mixture of 
20 fmol ascr#2, 20 fmol ascr#3 and 1 pmol ascr#4 reproduced the 
activity in fractions A and F and elicited significantly stronger male 
attraction than a mixture of 20 fmol ascr#2 and 20 fmol ascr#3 alone 
(Fig. 2d). The same mixture of ascr#2, ascr#3 and ascr#4 was then 
tested on different species of the Caenorhabditis genus. 
Caenorhabditis brenneri and Caenorhabditis remanei males 
responded to the mixture in a way very similar to C. elegans, whereas 
Caenorhabditis briggsae and Caenorhabditis japonica males 
responded only weakly (Supplementary Fig. 9)'’ 

We then tested whether attraction by the identified pheromone 
components is sex specific. Ascr#3, tested at the concentration that 
elicits maximal male attraction, was significantly less attractive to 
hermaphrodites (Supplementary Fig. 10a). Similarly, ascr#2 showed 
little or no activity for hermaphrodites (Supplementary Fig. 10a). At 
higher concentrations of ascr#2 and ascr#3, hermaphrodites were 
strongly deterred whereas males showed neither attraction nor deter- 
rence (Supplementary Fig. 10a). These results demonstrate that the 
identified ascarosides are sex-specific attractants. 

These results indicate that ascarosides regulate both dauer forma- 
tion and male attraction in C. elegans. To determine how these signal- 
ling molecules elicit such different biological responses, we compared 
their activity profiles with regard to both dauer formation and male 
attraction. We found that ascr#3 elicited the strongest response for 
male attraction. Males spent approximately ~6.6 times longer in the 
ascr#3-spotted region than in the control region, whereas ascr#2 
elicited a maximum ~2.8-fold increase (Fig. 2b and Supplementary 
Fig. 10a). However, ascr#4 and the first-published dauer-inducing 
ascaroside, ascr#1 (ref. 12), the second of which we did not detect in 
any of our active fractions, were not active in the attraction assay at the 
range of concentrations tested (data not shown). In the dauer forma- 
tion assay, ascr#4 was weakly active and ascr#2 and ascr#3 showed 
strong dauer-inducing activity at the concentrations previously 
reported (Supplementary Fig. 1la—c). Ascr#3 is much more potent 
as a male attractant than ascr#2, whereas in the dauer assay ascr#2 is 
slightly more potent than ascr#3. Together with the observed synergy, 
these activity profiles suggest that ascr#2 and ascr#3, and possibly 
ascr#4, act by means of different molecular mechanisms'*"*. 

To further investigate the connection between dauer and mating 
signals, we analysed media extracts of daf-22 mutants, which are 
known not to contain the dauer pheromone’’. We found that neither 
daf-22 media extracts nor daf-22 worm pellet contained ascr#2, 
ascr#3 or ascr#4, and that daf-22 media extracts did not attract males 
at the range of dilutions tested (Supplementary Fig. 12). Additional 
analyses of extracts from Escherichia coli cultures (HB101 and OP50) 
by LC-MS and NMR spectroscopy confirmed that E. coli do not 
produce ascr#2, ascr#3 or ascr#4 (Supplementary Figs 13-15); how- 
ever, it is conceivable that bacterial food sources contribute a pre- 
cursor to the biosynthesis of these compounds. 

Given the nature of the attraction assay used in this study (Fig. la), 
the exact concentration of the compounds tested in the scoring 
region was not well defined. However, it seems likely that the test 
sample volume (1 pl), when added to the scoring region, was diluted 
by diffusion, suggesting that the actual concentrations of the assayed 
compounds on the plate were much lower than the original concen- 
trations in the test sample volumes. Male C. elegans change direction 
of motion more frequently in the presence of an attractant, which 
correlates with an increase in time spent in the sample scoring 
region’, suggesting that reversal frequency could be used as a measure 
of pheromone perception. Thus, we monitored reversal frequency of 
males on agar plates with a range of concentrations of the most active 
pheromone components, ascr#2 and ascr#3, using the automated 
worm tracking system’®. As shown in Fig. 3a, reversal frequency is 
increased by concentrations of ascr#3 as low as | pM. For ascr#2, only 
weak increases of reversal frequency were observed (Supplementary 
Fig. 10c, d). These results suggest that ascr#3 acts as a male attractant 
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at concentrations more than 10,000 times lower than those required 
for dauer induction. 

General sensory mutants such as osm-6, which is expressed in all 
ciliated neurons in hermaphrodites and males”, are defective in res- 
ponse to ascr#3 (Fig. 3b). Mutants defective in osm-3, which is 
expressed in a subset of these ciliated sensory neurons and in the 
male-specific cephalic companion (CEM) neurons'*!’, were also 
defective in response to ascr#3 (Fig. 3b). Two G-protein o-subunits 
(gpa-2 and gpa-3) responsible for sensing the dauer pheromone are 
expressed in the amphid single-ciliated sensory neuron type I (ASI), 
the amphid double-ciliated sensory neuron type L and the amphid 
single-ciliated sensory neuron type K (ASK)”*. Ablation of the ASK 
neurons, but not the ASI neurons, partially affected response to ascr#3 
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Figure 3 | Neurons mediating response to ascr#3. a, Dose—response curve 
for male reversal rates on plates with increasing concentrations of ascr#3. 
n= 15 animals for each histogram. Error bars, s.e.m.; *P < 0.05, **P < 0.01, 
one-factor analysis of variance with post test. b, Male attraction by ascr#3 in 
sensory-deficient mutants’’’. Error bars, s.e.m. ¢, General sensory neurons 
and sex-specific neurons mediate response to ascr#3. Ablation of neurons 
involved in volatile chemotaxis (amphid winged sensory neuron type A 
(AWA) and amphid winged sensory neuron type C (AWC)) together with 
the CEM neurons* did not affect response to ascr#3, in comparison with 
animals lacking only CEM neurons. n= 15 animals for each ablation set. 
Error bars, s.e.m.;*P < 0.05, **P < 0.01, one-factor analysis of variance with 
post test. 
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(Fig. 3c). The male-specific CEM neurons have been implicated in 
sensing the mating signal along with other neurons®’’. Removal of the 
CEM neurons also resulted in partial insensitivity to ascr#3, but 
removal of the CEM and ASK neurons resulted in complete loss of 
sensitivity to ascr#3 (Fig. 3c), indicating that response to ascr#3 is 
mediated by both sex-specific and general sensory neurons. This find- 
ing provides a cellular mechanism by which males and hermaphro- 
dites respond differentially to the ascarosides. 

Both sexual reproduction and dauer formation, a population-con- 
trol mechanism that increases larval lifespan and resilience, are major 
life-history traits. In many organisms, including C. elegans, both 
experimental manipulation and natural genetic variation often have 
opposite effects on fecundity and lifespan, suggesting a pervasive, 
inverse relationship between these two traits*’*’. The discovery that 
largely overlapping families of small molecules regulate these traits 
(Supplementary Fig. 1) provides a direct linkage between the corres- 
ponding molecular pathways. Characterization of the ascaroside 
receptors and their downstream targets, as well as the elucidation 
of ascaroside biosynthesis and the molecular identity of daf-22, could 
provide further insights into how developmental and reproductive 
pathways are connected. 


METHODS SUMMARY 


Synchronized C. elegans (N2 Bristol) were grown on S-complete medium sup- 
plemented with E. coli (strain HB101) to desired life stage, washed with M9 
buffer to remove bacteria and incubated for 1h in double-diluted water 
(ddH,O) to collect worm-secreted metabolites. Metabolite samples thus pro- 
duced were tested for mating activity, chromatographically fractionated and 
analysed using NMR spectroscopy and mass spectrometry (see Methods and 
Supplementary Information for details). 

Mating assays were performed as described previously° but were population 
based. All assays were conducted on plates containing nematode growth medium 
with a thin film of E. coli (OP50) spread throughout the plate as a food source. 
The worms were given a choice of worm metabolite fraction (or synthetic ascaro- 
sides) and control water, and the amount of time spent in each region was 
measured (see Methods and Supplementary Methods for details). To analyse 
locomotory behaviour of worms in presence of the ascarosides, standard nem- 
atode-growth-medium plates were prepared with the different concentrations of 
the ascarosides, and worm movement was monitored using an automated 
tracker to calculate parameters of locomotion”. 

Ascr#1, ascr#2 and ascr#3 were synthesized from L-rhamnose and (2R)-pro- 
pylene oxide (ascr#1, ascr#3) or (2, 5R)-hexanediol (ascr#2) as described prev- 
iously’, and ascr#4 was subsequently prepared from acetobromo-a,-D-glucose 
and ascr#2 (see Supplementary Methods for details). For NMR spectroscopic 
comparisons of daf-22 and wild-type-derived metabolite mixtures, two-week- 
old liquid cultures of daf-22 or wild-type (N2) worms raised on E. coli (OP50) 
were extracted and the resulting metabolite samples directly prepared for NMR 
spectroscopic analyses by means of double-quantum filtered correlation spec- 
troscopy as previously described’. For comparison of worm-derived and bac- 
terial metabolites, E. coli (OP50) cultures were extracted and subsequently 
analysed by NMR spectroscopy using the same protocol. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Collecting C. elegans-secreted metabolites. Synchronized C. elegans (N2 
Bristol) with a worm density of 10,000 worms per millilitre was grown at 
22 °C at 250 r.p.m. in an incubator shaker in S-complete medium supplemented 
with E. coli (strain HB101): 1% for L2, 2% for L3, 3% for L4, 3% for young adult, 
4% for adult and 0% for L1, which was not fed. After worms reached the desired 
life stages, they were exposed to several wash and filtration (10-11m NITEX nylon 
filters) steps using M9 buffer to remove bacteria. The worms were collected 
between the washes either by gentle centrifugation at 121g for 30 s or by allowing 
the worms to settle for 10 min. To remove the bacteria in the gut of the worms, 
they were placed in M9 buffer in an incubator shaker for 30 min at 22 °C at 
250 r.p.m., which was followed by three washes with ddH,O. Subsequently, C. 
elegans-secreted metabolites were collected by incubating in ddH,O in an incub- 
ator shaker for 1 h at 22 °C at 250 r.p.m. with a worm density of ~30,000 worms 
per millilitre for L2, L3, young adult and adult; ~ 15,000 worms per millilitre for 
L4; and ~ 100,000 worms per millilitre for L1. The worms were removed from 
conditioned water by gentle centrifugation at 121g for 10s. The conditioned 
water was filtered through a 0.2-11m filter, lyophilized and stored at —80°C. 
At least three independent experiments were done for each developmental stage. 
We developed a working unit called ‘worm equivalents’ to keep track of relative 
concentrations of unknown compounds. One worm equivalent is the volume of 
worm water that contains the compounds secreted by one worm in Lh. 
Mating (male-attraction) assay. We modified the single-worm response assay in 
C. elegans’ to test multiple worms. Standard nematode-growth-medium plates 
(5-cm diameter) were used for assaying biological activity of the worm-condi- 
tioned water. The assay plates consisted of a thin lawn of an E. coli OP50 culture, 
grown overnight, with a ~0.25-cm gap between the bacterial lawn and the edge 
of the plate to prevent the animals from escaping. Plates were stored at room 
temperature (20 °C) for two days before being used in trials. Two spots (5-mm 
diameter) were spotted 1.6 cm apart ona template and stuck to the bottom of the 
assay plate (Fig. 1a). 0.8 pl of the control and the worm metabolite were placed in 
the two circles and allowed to dry for approximately 30s. To remove any bias, 
control and conditioned water spots were interchanged after every trial. Males 
and hermaphrodites were harvested daily at the L4 stage and stored at 20°C 
overnight with, per plate, 50-60 worms of the same sex to be used as young adults 
the following day. Five worms were placed ~1.0 cm away from each spot (10 
worms total) and allowed to acclimatize for 5 min. Trials were videotaped at 30 
frames per second for 15 min using the Unibrain Fire-i software. For each sam- 
ple, a minimum of four or five trials were conducted each day and each stage was 
tested on at least three different days. 

Purification of mate-finding pheromones. Secreted metabolites were collected 
from 4,000,000 young adult worms using the method described above. The 
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purification involved a series of fractionation steps guided by the male-attraction 
assay. Conditioned young adult water was lyophilized and the residue suspended 
in H,O. Reverse-phase solid-phase extraction was performed using Sep-Pak Plus 
C18 cartridges (Waters). The column was eluted sequentially with 50% and 90% 
MeOH. The active 50%-MeOH fraction was further fractionated by using a SAX 
anion-exchange column (Alltech) coupled to a SCX cation-exchange column 
(Alltech). After the neutral fraction was collected, the cation and anion columns 
were detached and eluted separately with 250, 500 and 1,000 mM KCL. The 250-, 
500- and 1,000-mM-KCI fractions were desalted using C18 columns (Waters). 
The neutral fraction (fraction A) was lyophilized and re-suspended in 6 pl of D30 
containing 0.25 mM of the proton reference standard 3-(trimethylsilyl) propionic 
acid-D4, for characterization by means of two-dimensional NMR spectroscopy 
including double-quantum filtered correlation spectroscopy, total correlation 
spectroscopy, heteronuclear single-quantum coherence, heteronuclear mul- 
tiple-bond correlation and nuclear Overhauser enhancement spectroscopy. All 
NMR spectra were acquired at 27 °C using a 1-mm triple-resonance high-tem- 
perature superconducting probe and a 600-MHz Bruker Avance II spectrometer’! 
(Supplementary Figs 1-6). Total sample amount for these analyses corresponded 
to about 4,000,000 worm equivalents. Fractions A, F and G were analysed further 
by LC-MS (Supplementary Fig. 7). In addition, the peak corresponding to ascr#4 
in fraction A was analysed by high-resolution mass spectrometry using an Agilent 
6210 mass spectrometer: mass of sodium adduct of molecular ion [M + Na]* 
calculated for C}gH320 9 Na, 431.1888 AMU; found, 431.1907 AMU. 

LC-MS analysis of ion-exchange fractions. A Thermo Finnigan LCQ Deca XP 
Max was used with electrospray ionization in positive or negative ion mode in 
the 50-1,000 AMU range (sheet gas, 25 arbitrary units; sweep gas, 5 arbitrary 
units; spray voltage, 5.00kV; capillary temperature, 285 °C; capillary voltage, 
3.0 V). Daughter ion spectra were obtained from a dependent scan of the most 
intense ion in a predefined mass range. The Thermo Separation spectra HPLC 
system consisted of a P4000 quaternary pump, an AS 3000 autosampler and a 
UV6000 diode array detector. The tertiary solvents are consisted of methanol 
with 0.05% formic acid (a), water with 10 mM ammonium formate (b) and 90% 
acetonitrile-10% water with 10 mM ammonium formate (c). With the column 
temperature maintained at 60°C and a solvent flow of 1.0 ml min |, the Cig 
column (ODS-AMQ, S-5 um, 20 nm, 250 X 4.6 mmi.d., YMC) was eluted with a 
solvent composition starting with 4:90:6 (a:b:c) for 2 min followed by a gradient 
to 4:0:96 in 14min and then kept at that composition for 5 min. Ultraviolet 
absorption was monitored at 190 to 400 nm and the solvent flow between the 
ultraviolet detector and the mass spectroscopy electrospray interface split 9:1 
with a low-volume micro needle P450 splitter valve (Upchurch Scientific), mak- 
ing it possible to obtain spectra of eluted compounds and simultaneously collect 
90% of the injected material for bioassays. 
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Metabolic gene regulation in a dynamically changing 


environment 


Matthew R. Bennett’?*, Wyming Lee Pang'*+, Natalie A. Ostroff’, Bridget L. Baumgartner’, Sujata Nayak’, 


Lev S. Tsimring” & Jeff Hasty’ 


Natural selection dictates that cells constantly adapt to dynam- 
ically changing environments in a context-dependent manner. 
Gene-regulatory networks often mediate the cellular response to 
perturbation’ ”, and an understanding of cellular adaptation will 
require experimental approaches aimed at subjecting cells to a 
dynamic environment that mimics their natural habitat*°. Here 
we monitor the response of Saccharomyces cerevisiae metabolic 
gene regulation to periodic changes in the external carbon source 
by using a microfluidic platform that allows precise, dynamic con- 
trol over environmental conditions. We show that the metabolic 
system acts as a low-pass filter that reliably responds to a slowly 
changing environment, while effectively ignoring fast fluctua- 
tions. The sensitive low-frequency response was significantly fas- 
ter than in predictions arising from our computational modelling, 
and this discrepancy was resolved by the discovery that two key 
galactose transcripts possess half-lives that depend on the carbon 
source. Finally, to explore how induction characteristics affect 
frequency response, we compare two S. cerevisiae strains and show 
that they have the same frequency response despite having mark- 
edly different induction properties. This suggests that although 
certain characteristics of the complex networks may differ when 
probed in a static environment, the system has been optimized for 
a robust response to a dynamically changing environment. 

To probe the response of a metabolic gene network to a fluctuating 
environment, we developed a microfluidic platform that can subject 
a population of cells to a continuously varying supply of medium 
(Fig. 1). The device is designed to generate a fluctuating signal of 
medium by dynamically combining two medium-filled reservoirs in 
accordance with a time-dependent function. Feeding channels 
deliver the media downstream to a customizable growth chamber, 
which for this study was constructed to constrain a population of 
yeast cells to grow in a monolayer, permitting long-term data acquisi- 
tion’. The composition of the medium is dynamically controlled by 
a fluidic switch"’, such that changes in the upstream source may be 
detected almost immediately by the cells. The fluidic switch was 
optimized to generate a linear range of mixing ratios from the two 
media inputs, allowing a variety of periodic waveforms or random 
signals to be generated (see Supplementary Information for full 
details of the device). 

As a quantifiable reporter of the cellular response to environmental 
fluctuations, we fused the native Gall protein of S. cerevisiae to the 
yeast-optimized enhanced cyan fluorescent protein (yECFP)'*”’. The 
enzymes for galactose utilization, including Gall, are among the most 
tightly regulated proteins in yeast. Because glucose requires much less 
energy to metabolize, cells will consume galactose only if glucose is 
not available. S. cerevisiae has therefore evolved a highly complex 


regulatory network to ensure that the galactose-metabolizing enzymes 
will be strongly activated when they are needed, but tightly repressed if 
glucose is present in the environment (Fig. 2a). Because the network 
has been well studied and involves regulatory motifs common to many 
higher organisms, galactose utilization is a model for gene regulation. 
To build on the current understanding of its robust regulatory 
mechanisms, we employed our microfluidic platform to monitor 
the dynamics of network activation and repression in response to 
sinusoidal perturbations of glucose over a galactose background. 
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Figure 1| Design and implementation of the microfluidic platform 
developed for our study. a, Conceptual design of the imaging chamber. The 
chamber is coupled to the switch output channel by means of multiple 
‘feeding’ channels 1 jm tall. The feeding channels are fed by a controllable 
waveform generator that creates sinusoidal perturbations in the glucose 
concentration while maintaining constant background levels of galactose. 
b, An overview of the design showing the layout of the device. The device 
makes use of three flow networks for loading cells (middle, black), generating 
microenvironmental waveforms (bottom, green), and controlling on-chip 
temperature (top, orange). The imaging chamber (centre, grey region) is 
designed to be about 4 tum tall to constrain a population of yeast cells to grow 
in a monolayer. c, Representative bright-field image of cells growing in the 
imaging chamber. These images were used to measure the total size of the 
colony. Large circles are support posts in the chamber. Scale bar, 25 tum. 

d, Green fluorescence image of the same cells as in c. These images allowed us 
to measure the amount of Gall in each cell. e, Red fluorescence image of the 
chamber. The glucose medium also contained a red fluorescent dye; the 
intensity of the red fluorescence was therefore proportional to the amount of 
glucose in the chamber at any given time. 
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A population of yeast cells was subjected to sinusoidal waves of 
glucose concentration over a 0.2% (w/v) galactose background, with 
glucose concentration varying from 0% (no repression of GAL] tran- 
scription) to 0.25% (full repression; see Supplementary Information 
for repression data). For each run we changed the frequency of the 
glucose signal, varying the period from 0.75 to 4.5 h, and we imaged 
the population for a minimum of four full cycles. Time-lapse fluor- 
escence imaging of the cell population in the growth chamber was 
used to calculate the amplitude ratio and phase shift of the cellular 
response relative to the glucose signal. The results show a maximum 
response frequency of about 5.6 radians h” | (1.125h period). At this 
frequency, the response trace was indistinguishable from a normal 
step-function response, whereas at the lower frequencies the tem- 
poral fluorescence trajectories clearly oscillated in response to the 
signal. In this sense, the galactose system seems to function as a 
low-pass filter that reliably responds to a slowly changing envir- 
onment, while effectively ignoring fluctuations that are too fast for 
the cell to mount an efficient response. 

Because the sinusoidal driving of the galactose utilization network 
leads to complex cellular behaviour, we used computational mod- 
elling to simulate the response and to uncover key aspects of the 
network architecture that give rise to the observed behaviour". In 
particular, we were interested in how the interplay of the galactose 
and glucose utilization networks gives rise to the observed frequency 
response to carbon source fluctuations. By itself, the turnover of 
Gall-yECFP, due either to dilution or to active degradation (or 
both), leads to low-pass filtering of periodic signals. However, feed- 
back loops inherent in gene regulatory networks can alter the res- 
ponse of proteins to stimuli’. Therefore, to simulate the effects of 
galactose activation and glucose repression on our experimental data, 
we adapted a comprehensive model of the galactose network 
described previously'®. This model includes the transcription and 
translation of the GALI, GAL2, GAL3, GAL4 and GAL80 genes as 
well as the interactions of their respective proteins with each other 
and with galactose (such as dimerization, transport and metabolism). 
Whenever possible we used parameter values either at or close to the 
values reported previously'®. In addition to this galactose network 
model, it was necessary to model the dynamics of the glucose net- 
work. The glucose network is much more complex than that of 
galactose'’”"' and models for it are much less well established. We 
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Figure 2 | Regulation in the galactose utilization network. a, Diagram of 
the gene regulatory networks involved. The regulatory genes in the galactose 
network are activated by the Gal4 protein, which binds to upstream 
activation sites. The GAL80 gene provides negative feedback in the system by 
prohibiting the inducing affects of Gal4. Positive feedback is provided by 
both GAL2 and GAL3. Internalized galactose can bind to Gal3, and the 
resulting complex binds to Gal80. Gal80 bound to the Gal3—galactose 
complex is incapable of repressing Gal4. In addition, the transporter Gal2 
increases the amount of internal galactose, which stimulates the galactose 
network. The glucose network inhibits the transport of galactose and 
represses transcription of the galactose network in the presence of glucose 
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therefore chose to model the glucose network with a simplified mod- 
ule describing a basic transport regulatory system. In it, protein pro- 
ducts of the glucose network are responsible for transporting external 
glucose into the cell while internalized glucose acts to induce tran- 
scription in the network, giving rise to a positive feedback loop (see 
Fig. 2a). 

Calibration of the computational model to the experimental data 
led to several important observations that would not have arisen 
from an analysis of steady-state batch culture data. The large ampli- 
tude ratios observed at low frequencies suggested that when glucose 
was added to the system the degradation rates of some galactose 
network components were greater than in the absence of glucose. 
Previous studies have suggested that components of the glucose net- 
work can actively degrade messenger RNA produced by genes 
involved in the galactose/glucose switch*, and this phenomenon 
has also been shown to exist for the mRNA of other genes****. We 
therefore added enzymatic decay terms (governed by Michaelis— 
Menten dynamics) to the equations describing the dynamics of the 
GAL1and GAL3 mRNA and found that it greatly increased the accu- 
racy of the model. These two genes are among those in the galactose 
network that are targeted by the glucose-induced protein Migl, 
which represses transcription by binding to upstream regulatory 
sites’’. Thus, if proteins from the glucose network do actively degrade 
galactose network transcripts, GAL] and GAL3 are likely targets. To 
test this prediction, we measured the degradation rates of GAL1 and 
GAL3 in both galactose and glucose. Both transcripts showed a 2-8- 
fold increase in their decay rates in the presence of glucose (see Fig. 2b 
and Supplementary Information), which is consistent with the values 
predicted by the computational model. This form of post-transcrip- 
tional regulation, in which glucose acts to downregulate Gal protein 
synthesis, is a previously unknown source of regulation in the galac- 
tose utilization network. Furthermore, the inclusion of glucose- 
mediated mRNA decay results in a model that accurately reproduces 
the dynamic response ofa population of cells to sinusoidal repression 
over a large range of frequencies (Fig. 3). 

Batch-culture induction characteristics for metabolic genes can 
vary from strain to strain or depend sensitively on the growth state 
of the culture. We were therefore also interested in using the model to 
determine how galactose induction differences would affect the res- 
ponse to the glucose fluctuations. The model demonstrated that 
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through the action of Mig1, which can bind to upstream regulatory sites of 
GALI, GAL3 and GAL4 (ref. 19). The glucose network also regulates the 
hexose transporter genes (HXT), responsible for transporting glucose into 
the cell’’, which then activates the glucose network. b, Experimentally 
measured decay of GALI transcripts in galactose (circles) and glucose 
(squares). Also shown are the best-fit lines corresponding to half-lives of 
about 17 min in galactose (solid line) and 4 min in glucose (dashed line), 
which are similar to the values predicted by the numerical model. Data are 
normalized to the initial concentration of mRNA predicted by the best-fit 
lines. Similar results for GAL3 transcripts are shown in Supplementary 
Information. 
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Figure 3 | Experimental and computational results for cells of two yeast 
strains expressing a GAL1-yECFP fusion gene in response to alternating 
glucose and galactose media. a, Strain K699; b, strain YPH499. The top row 
for each strain depicts the input glucose signal that was measured during 
each experimental run and was also used to simulate the responses. The 
mean fluorescence of a red tracer dye, representing the glucose 
concentration in the medium, is normalized and subtracted from 1 to 
represent the ‘induction’ signal used in the experimental and computational 
runs above. The middle rows show normalized and detrended fluorescence 
trajectories for a population of cells as they respond to glucose waves of 
various frequencies over a galactose background. In the absence of glucose, 
galactose induces the transcription of GALI—yECFP, causing an increase in 
cellular fluorescence. However, as glucose is introduced into the 
extracellular environment, transcription of the galactose enzymes is shut off, 
causing a decrease in fluorescence signal as the Gall-yECFP protein is 
degraded. Oscillation periods are (from left to right) 4.5, 3.0, 2.25, 1.5, 1.125 
and 0.75 h. For input waves with a period shorter than 1.125 h, cells no 
longer responded to sinusoidal repression in a periodic fashion, 
demonstrating their ability to ‘filter’ out high-frequency environmental 
fluctuations. The bottom rows show simulation results for the same 
frequencies as above. The model, calibrated to experimental induction and 
repression data, accurately reproduces the cellular responses over a large 
range of frequencies. 


significantly different galactose induction does not necessarily lead to 
significant differences in the response characteristics (data not 
shown). In other words, the model led to the hypothesis that defi- 
ciencies in network induction capabilities might not hinder a cell’s 
ability to adapt and thrive in a changing environment. The yeast 
strain used to collect the present data, K699, is sensitive to external 
galactose concentrations, with full induction of the galactose network 
occurring at about 0.05% (w/v) galactose. To test our hypothesis, we 
turned to a strain (YPH499) that is known to have a deficiency in the 
galactose utilization network that causes it to require more galactose 
than ‘normal’ to induce production of the galactose enzymes”. 
YPH499 is a derivative of a GAL2 mutant strain, and although the 
mutations were reportedly repaired, the GAL2 alleles in many of the 
derivative strains have been shown to cause significantly impaired 
galactose uptake”’. Gal2 protein is responsible for the transport of 
extracellular galactose into the cell and its activity is markedly differ- 
ent in YPH499 from that in K699. Our flow cytometry population 
data demonstrated that YPH499 cells require about tenfold more 
galactose than K699 cells to reach full induction (see 
Supplementary Information). 
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Figure 4 | Experimental and computational comparison of two yeast 
strains. The amplitude (top row) and phase shift (bottom row) of the 
response of cells to sinusoidal repression at various frequencies are shown 
for both K699 (red) and YPH499 (blue) strains (error bars represent s.d.). 
Strain YPH499 is known to have a deficiency in the galactose utilization 
network. For the highest-frequency trial, reliable phases could not be 
calculated because of noise; these results have been omitted from the graphs. 
The experimental data (left column) show that the amplitude responses of 
the two strains are strikingly similar, especially considering their 
significantly different induction curves (see Supplementary Information). 
This phenomenon was predicted by model simulations, because slight 
modifications to the model parameters that affected the induction and 
repression curves did not affect the cell population’s robust response to a 
dynamic environment. This suggests that the complex structure of the 
glucose and galactose networks may confer robustness on cells even if faced 
with seemingly detrimental network deficiencies. The phase responses 
(bottom row) of the two strains showed a marked difference, with YPH499 
cells having a greater phase lag than K699 cells. 


Despite the difference in induction sensitivity between K699 and 
YPH499 cells, our model predicted that inefficient Gal2 transport 
does not translate into a less robust response to a fluctuating envir- 
onment. This suggests that the complex interplay of the glucose and 
galactose networks may confer robustness on cells even if faced with 
deficiencies in the induction characteristics. To validate this finding, 
we repeated the microfluidic runs at each frequency, this time using 
the YPH499 strain with a Gall-yECFP fusion. As predicted, the 
amplitude responses of the two strains are strikingly similar 
(Fig. 4), especially considering the significant difference in their 
galactose sensitivity. We do not at present know the underlying 
mechanistic property of the regulatory network that leads to the 
robust response of the two strains. Future studies might endeavour 
to deduce this mechanism through the systematic deconstruction of 
the regulatory elements in a single strain. Although the present study 
shows how robustness can occur despite large differences in induc- 
tion characteristics, one could further investigate the generality of 
this phenomenon by comparing the responses of many different 
strains to different types of temporal perturbation. 


METHODS SUMMARY 

Dynamic environment experiments. Cells containing a GALI-yECFP fusion 
were imaged every 5 min for up to 24h by using time-lapse fluorescent microscopy 
to estimate the concentration of Gall as a function of time. Cells were constrained 
to grow in a custom-designed microfluidic platform that permitted the dynam- 
ically controlled mixing of two growth media. Our inducing medium contained 
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2% raffinose and 0.2% galactose, whereas the repressing medium contained 2% 
raffinose, 0.2% galactose and 0.25% glucose. The resulting images were processed 
with cell segmentation and tracking software, and the population-averaged fluo- 
rescence concentrations were measured. To ensure correct waveform generation, 
glucose concentrations were monitored by introducing a red fluorescent tracer dye 
(sulphorhodamine 101, 0.01 mg ml’) to the repressing medium. 
Microfluidic chips and waveform generation. The polydimethylsiloxane 
microfluidic devices were designed to permit the monolayer growth of yeast cells 
in the imaging chamber and were fabricated with standard replica-moulding 
techniques****. An upstream fluidic switch controlled the input of medium into 
the chamber by mixing the flows of the inducing and repressing media. The 
mixing ratio of the two media was governed by a software-controlled, custom- 
designed pressurization system that was able to produce time-varying waveforms 
consistently. 
mRNA degradation experiments. The degradation rates of GALI and GAL3 
transcripts were measured with standard reverse-transcriptase-mediated quant- 
itative polymerase chain reaction techniques. Knockout strains for both genes 
were first created, and then ectopic GAL1 and GAL3 were placed back into the cell 
under the control of a doxycycline-repressible promoter. Half-lives of mRNAs 
were measured from cells grown in the presence or absence of glucose. 
Complete details of all materials and methods used and the specifics of the 
computational model are available in Supplementary Information. 
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Crystal structure of the polymerase PAc-PB1y 
complex from an avian influenza H5N1 virus 


Xiaojing He’, Jie Zhou', Mark Bartlam*, Rongguang Zhang”, Jianyuan Ma’, Zhiyong Lou’, Xuemei Li’, Jingjing Li’, 
Andrzej Joachimiak°’, Zonghao Zeng’, Ruowen Ge’, Zihe Rao’””* & Yingfang Liu’ 


The recent emergence of highly pathogenic avian influenza A virus 
strains with subtype H5N1 pose a global threat to human health’. 
Elucidation of the underlying mechanisms of viral replication is 
critical for development of anti-influenza virus drugs’. The influ- 
enza RNA-dependent RNA polymerase (RdRp) heterotrimer has 
crucial roles in viral RNA replication and transcription. It contains 
three proteins: PA, PB1 and PB2. PB1 harbours polymerase and 
endonuclease activities and PB2 is responsible for cap binding**; 
PA is implicated in RNA replication*’ and proteolytic activity“, 
although its function is less clearly defined. Here we report the 2.9 
angstrém structure of avian H5N1 influenza A virus PA (PAc, resi- 
dues 257-716) in complex with the PA-binding region of PB1 
(PB1y, residues 1-25). PAc has a fold resembling a dragon’s head 
with PB1y clamped into its open ‘jaws’. PB1y is a known inhibitor 
that blocks assembly of the polymerase heterotrimer and abolishes 
viral replication. Our structure provides details for the binding of 
PB1y to PAc at the atomic level, demonstrating a potential target 
for novel anti-influenza therapeutics. We also discuss a potential 
nucleotide binding site and the roles of some known residues 
involved in polymerase activity. Furthermore, to explore the role 
of PA in viral replication and transcription, we propose a model for 
the influenza RdRp heterotrimer by comparing PAc with the 13 
reovirus polymerase structure, and docking the PAc structure into 
an available low resolution electron microscopy map. 

PA is an important protein in the polymerase heterotrimer and 
may be required for replication and transcription of viral RNA 
(vRNA) and endonuclease cleavage of the cap RNA primer®®””. It 
reportedly induces proteolysis of viral and host proteins'’'* and may 
also be involved in virus assembly'’®. Recombinant PA can be cleaved 
into two main fragments by trypsin digestion: a ~25-kilodalton 
(kDa) fragment containing the amino-terminal region of PA, and a 
~55-kDa fragment containing the remainder of the protein’. The 
N-terminal fragment is understood to be sufficient for proteolytic 
activity and important for RNA synthesis activity of the polymerase 
complex'!'*!>, The carboxy-terminal region of PA is thought to bind 
to PB1 for complex formation and nuclear transport'?’’. Previous 
reports have shown that the PB1 N-terminal 25 residues (PB1y) 
specifically bind to the C-terminal region of PA®'?”°. 

The structure of an N-terminally truncated PA covering residues 
257-716 (termed PAc) was determined in a complex with a known 
interaction peptide from PB1 (PB1y, residues 1-25, Supplementary 
Fig. 2B) by X-ray crystallography (see Supplementary Table 1 for 
statistics). PAc consists of 13 a-helices, one short 3 helix (n1), nine 
B-strands and several loops/turns (Fig. 1a, b). PAc resembles the head 
of a dragon and can be subdivided into two parts: domain I, the 
‘brain’, and domain II, the ‘mouth’ (Fig. 1a). The strands B1 to B7 


of the brain form a twisted plane surrounded by five «-helices (a1, 
42, «03, “6 and 7) and the m1 helix. Anti-parallel strands B6 and B7 
are linked by a four-residue turn and extend from the left side of the 
PAcg brain. The mouth consists of strands $8 and B9, and helices «4, 
a5 and «8-012; helices «11 and «13 form the lower jaws, whereas 
helices «8 and «10 form the upper jaws. Structural comparison using 
Dali (http://www.ebi.ac.uk/dali) indicated that PAc has a new fold. 

A deep semi-circular groove (Figs la and 2a, b) extending down to 
the core of the brain is ~25 A in diameter and highly basic, which is 
favourable for RNA binding. The extended «%3—«4 loop consists lar- 
gely of negatively charged residues and is situated below this deep 
groove, where it completes the circular structure and forms a ‘neck’ 
for the dragon head (Fig. la). Residues lining the putative RNA 
binding groove, including K328, K539, R566 and K574, are highly 
conserved in all three influenza virus types (Supplementary Fig. 1A, 
blue stars). The K539A mutation significantly disrupts complement- 
ary RNA (cRNA) and vRNA synthesis, suggesting that the groove is 
important for RNA binding’. 

An elliptical ~14 A diameter channel, formed by the concave side 
of the twisted f-sheet and the inside ends of several helices from 
domain I, lies between the two domains and connects to the putative 
RNA binding groove (Fig. 2a, b). It is loosely occupied by the N 
terminus of the PAc polypeptide, which is too far from either side 
to form strong interactions with residues lining the channel and may 
be a crystallographic artefact (Fig. 2b, c). Conserved residues K539, 
R566, K574 and N696 lie on the surface connecting the groove to the 
entrance of the channel. Residues E410, K461, E524 and K536 lie on 
the inside surface of the channel (Supplementary Fig. 1A, blue stars; 
and Fig. 2a). Mutations of several of these residues are known to 
influence polymerase activity’: E524A impairs RNA synthesis activity 
and inhibits virus production; E410A decreases polymerase activity; 
and the K536A/W537A double mutation impairs RNA synthesis 
activity of the heterotrimer (Fig. 2c)'®. The precise role of this channel 
remains to be established, although the highly conserved nature 
points towards its functional importance. 

The R638A mutation promotes generation of interfering RNA, 
thus giving rise to transcription defects that can be overcome by 
the C453R mutation (Fig. 2c)’. The long side chain of R638 («10) 
forms a hydrogen bond and an ion bridge with the carbonyl oxygen 
and side chain of residue E449 («5), respectively (Supplementary Fig. 
3B). C453 (6) is about 5 A from R638 and E449. The R638A muta- 
tion would break the interaction between R638 and E449 and cause 
a5 to move into the proposed RNA binding surface between PA and 
PB1, thus interfering with RNA synthesis activity of the heterotrimer. 
The C453R mutation would enable a new interaction with E449 to be 
formed that would restrain «5, thus at least partially recovering PA 
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from the defect caused by the R638A mutation. The long side chain of 
C453R may interfere with the normal function of R638, which would 
explain why a virus containing a single C453R mutation could not be 
produced. Other mutations known to affect polymerase activity are 
listed in Supplementary Table 2. 

PB1y binds obliquely between the jaws of PAc with its N terminus 
pointing towards the back of the mouth and its C terminus extending 
outwards (Figs la and 2d). Residues from 5 to 11 of PB1y fold into a 
short helix (12). The interaction with PB1y is largely mediated by «8, 
#10, x11 and «13 of PAc; the four helices form a hydrophobic core at 
the tip of the mouth and tightly interact with PBlyx by means of 
hydrophobic interactions, hydrogen bonds and van der Waals forces 
(Fig. 2d). Other minor interactions are provided by «4 and the «9- 
#10 loop. A short LLFL motif from residues 7-10 of PB1y, known to 
be important for the interaction with PA”, interacts with the PAc 
hydrophobic core formed by F411 (a4), M595 (a8), L666 (11), 
W706 and F710 (%13), and V636 and L640 («10; Fig. 1a). W706 also 
interacts with residues V3 and N4; Q408 and N412 («4) interact with 


7 brain ‘mouth’ 


Groove 
Neck 


Channel 


Figure 1| The PAc-PB1y complex structure. a, The overall structure of the 
PA -—PB1y complex. The structure is coloured according to secondary 
structure and elements are labelled. Helices are shown as cylinders and are 
red in the brain domain and blue in the mouth domain; strands are yellow 
and loops are green. The PB1y peptide is magenta. b, Topology diagram for 
the PAC-PB1y complex structure. The colouring is consistent with a. 
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V3 and D2; and Q670 (a11) interacts with PB1y residues F9, V12, 
P13 and A14. Residues 620 and 621 on B8 are also located in the PB1y 
interaction surface (Supplementary Fig. 1A, green arrows). The 
W706A/Q670A double mutation disrupts the binding of PB1ly to 
PAc (Fig. 2e), as do the L666G/F710E, L666G/F710G and W706A/ 
F710Q double mutations (Supplementary Fig. 4). 

PBly inhibits influenza A viral replication by interfering with 
polymerase activity, presumably by blocking assembly of the poly- 
merase heterotrimer’. Our structure identifies a very important PB1 
binding region of PA, and can thus be used as a basis to design new 
anti-influenza compounds. Protein—protein interfaces often involve 
a large surface area, which can present problems for drug discovery. 
In this case, however, relatively few residues drive the binding of 
PBly to PAc, indicating that designing small molecule inhibitors 
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Figure 2 | Representations of the PAc groove and channel. a, An enlarged 
view of the PAc groove and channel, rotated by 90° about the x axis relative 
to Fig. 1a and with the same colouring scheme. The extended N-terminal 
loop from residues 257-288 is coloured pale green. Conserved residues 
lining the groove and channel are shown in stick representation and labelled. 
b, A surface representation of the same region of PAc coloured by 
electrostatic charge from red (—10 k,T/e,) to blue (+10 k,T/e.), where k, is 
the Boltzmann constant, T is temperature and e, is the electron charge. 
Residues lining the highly basic groove are labelled. ¢, Location of known 
mutations in the PAc structure. PAc and PB1y are shown in ribbon 
representation and coloured according to the scheme in Fig. 1. d, Interaction 
between PAc and PB1y. PAc and PB1y are shown in ribbon representation 
and coloured according to the scheme in Fig. 1. Residues interacting with the 
PB1y peptide are shown in stick representation and labelled. e, In vitro 
binding assay for PB1y to the W706A/Q670A PAc double mutant. WTPAc, 
wild-type PAc. 
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of this interaction is feasible. Mutation of specific residues in PBly, 
including V3, N4, P5, L7, L8, F9 and L10, causes the loss of more than 
two-thirds of the binding affinity, with significant reductions in 
polymerase activity and virus production’’. D2V and A14D muta- 
tions in PBly do not significantly influence the binding affinity to 
PA, but they abolish polymerase activity and virus production, sug- 
gesting that D2 and A14 have other crucial functions’’. An L13P 
mutation in PB] from a H7N7 virus is associated with increased 
virulence’'; in our PB1y structure from a H5N1 virus, P13 breaks 
the 12 helix and the associated structural changes may result in 
increased RNA synthesis by PB1. PBly residues interacting with 
PA are conserved across type A, B and C influenza viruses, and PA 
residues shown to interact with PBly are similarly conserved 
(Supplementary Fig. 1A, B). Anti-virals designed on the basis of 
PBly, therefore, may be effective against most influenza A strains. 
Furthermore, the high conservation of the PB1y binding site on PA 
suggests that anti-virals targeting this site may be less susceptible to 
problems of resistance associated with drugs targeting the neurami- 
nidase and haemagglutinin. 

PAc shares similarity with part of the N-terminal domain of reo- 
virus polymerase (3, and we used this similarity to propose a model 
for the RdRp heterotrimer (Fig. 3 and Supplementary Fig. 5). The 43 
polymerase has three domains that form a hollow ‘cage’: the 
N-terminal domain I forms one side of the polymerase; the central 
catalytic domain II (residues 380-890) contains ‘finger’, ‘palm’ and 
‘thumb’ subdomains for catalysis of RNA synthesis; and the 
C-terminal domain III covers the catalytic cleft and completes the 
polymerase~*. Superimposing and substituting PAc for the 3 poly- 
merase N-terminal domain shows that it is close to the 43 catalytic 
domain, which has an equivalent function to PB1, with very few 
conflicts between the two polypeptides (Fig. 3a). PA is oriented with 
the mouth directed towards the (3 catalytic domain. PAc is predicted 
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Figure 3 | Model of the influenza polymerase heterotrimer. a, Model of the 
influenza polymerase heterotrimer constructed using the 3 reovirus 
polymerase structure”. PAc is coloured blue, PB1y is magenta, 13 domain II 
is red and the A3 domain III is in green. b, Putative arrangement of PA, PB1 
and PB2 in the influenza polymerase heterotrimer. Colouring is the same as 
in a, with PB1 in red and PB2 in green. c, d, PAc docked into the electron 
microscopy map of the isolated heterotrimer”*. PAc is shown in ribbon 
representation and in blue. Putative locations of the PB1 and PB2 proteins 
are shown in red and green, respectively. 
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from the 43 model to have few interactions with the C-terminal 
domain, consistent with observations that PA and PB2 both form 
stable complexes with PB1 but have no direct interaction with each 
other’’. 

The spatial arrangement of PA, PB1 and PB2 within the hetero- 
trimer is only partially understood. To put PAc into the context of 
the larger RdRp heterotrimer, we docked the crystal structure into an 
available 26 A negative staining electron microscopy map of the iso- 
lated polymerase heterotrimer (Fig. 3c)***. The isolated polymerase 
map shows a hollow, globular conformation and PAc fits reasonably 
well into the front face of the heterotrimer, away from the site of 
interaction with NP monomers and in good agreement with immu- 
nolabelling using an antibody raised against residues 400-716 of 
PA”, Domains II and III of 43 were loosely docked into the EM 
map to highlight the approximate locations of PB1 and PB2 in the 
heterotrimer (Fig. 3c). The EM polymerase model bears an overall 
resemblance to the 43 polymerase: both form a cage-like structure 
with four channels providing access to the catalytic site”. 

Positioning PAc into the polymerase heterotrimer enabled us to 
infer its potential roles in influenza virus replication/transcription. 
The conserved groove and B3-f4 loop of PAc are located on the 
inner surface of the polymerase cage. The polymerase is proposed 
to use different binding strategies for VRNA and cRNA promoters”, 
although it is not clear if it uses a single promoter binding pocket or 
separate binding pockets. PA is required for vRNA synthesis but 
preferentially binds to the cRNA promoter over the VRNA promoter, 
mainly by the N terminus of the protein*®. We propose that the 
groove/channel in PAc assists in recruiting CRNA; however, another 
study suggests that PB1 binds the cRNA promoter’’, and further 
work is needed to resolve this controversy. 

H510 lies on the 84-85 loop and is a potential site for endonu- 
clease activity mediated by PB1; a H510A mutation in PA impairs 
nuclease activity’. The area including H510, which should form an 
endonuclease centre with PA N-terminal residues D108 and K134!°, 
is directed into the inner cavity of our polymerase model, where it 
should cleave RNA to produce primers for transport to the catalytic 
centre of PB1. A proposed nucleotide binding motif from residues 
502-509 resembles the GXXXXGKT/S motif** and lies on the same 
loop as H510 (Supplementary Fig. 1A, yellow box). The conserved 
D529 site described previously” is too far to co-operate with this 
proposed NTP-binding motif, although D478 on the «4—(4 turn is 
close to the motif and in a region that interacts with R508 and H510. 
Another possible role for the RNA groove in PAc may be for host 
messenger RNA binding before endonuclease cleavage, which is con- 
sistent with the endonuclease defect caused by mutation of H510, 
although this remains to be confirmed by further studies. Because the 
N-terminal one-third of PA is also reported to be required for poly- 
merase endonuclease activity'’, it should be located adjacent to the 
region including H510 of PAc. Further studies are required to deter- 
mine the precise location and function of the PA N terminus in the 
heterotrimer. 

We report the crystal structure of a principal part of the influenza 
polymerase PA protein in complex with an inhibitory peptide of PB1. 
The availability of the PAC—PB1y structure offers a starting point for 
further investigation into the structure and function of the influenza 
virus polymerase. Together with recent structures of PB2 domains for 
nuclear import” and cap binding’, the PA-—PB1y structure reported 
here will increase our understanding of the molecular basis for influ- 
enza Virus replication and transcription. Moreover, there is an urgent 
need for improved influenza therapeutics; the PAC—-PBly complex 
structure provides a key conserved target for the design of a new 
generation of compounds that inhibit polymerase assembly and 
activity. 


METHODS SUMMARY 


Residues 257—716 of the avian H5N1 influenza A virus (A/goose/Guangdong/1/ 
96) PA gene were cloned into the pGEX-6p vector (GE Healthcare) and 
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overexpressed in Escherichia coli strain BL21. A gene fragment encoding residues 
1-25 of PB1 was also cloned into the same vector and overexpressed in BL21 cells. 
Cell cultures expressing each of these two proteins were mixed in approximately 
1:1 molar ratios of expressed proteins. Recombinant proteins were co-purified 
with a glutathione affinity column (GE Healthcare). Glutathione S-transferase 
(GST) was cleaved with PreScission protease (GE Healthcare), and the protein 
complex was further purified by Q ion exchange chromatography and Superdex- 
200 gel filtration chromatography (GE Healthcare). 

The PAc-PB1y complex was crystallized in the space group P4,2,2 using 
1-1.5M sodium acetate as the precipitant at a pH of 7.9. The structure was 
phased to 3.6A by multiple-wavelength anomalous dispersion from a seleno- 
methiony] derivative, and traced using 2.9 A native data. The final refined model, 
with an R factor of 22% and an Ree of 26%, contains residues 257-716 of PA 
(with some missing internal fragments) and residues 1-15 of PB1. 

Double mutations in PAc were introduced using the PCR method by design- 
ing mutated residues in primers. The mutated genes were also cloned into the 
pGEX-6p vector. For in vitro binding experiments, the wild-type or double 
mutant PAc proteins were separately purified from E. coli strain BL21. 
Purified GST-PB1, fusion peptide or GST alone (native control) were first 
immobilized on glutathione affinity-column resins (GSH), followed by addition 
of approximately fivefold molar excess of purified wild-type/double mutant 
PAc. GSH resins were extensively washed with PBS (pH 7.4) to remove unbound 
proteins. The bound protein was eluted from GSH resins with GST elution buffer 
containing 10 mM reduced glutathione. The eluted sample was analysed by SDS— 
PAGE electrophoresis and stained by Coomassie blue. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Protein expression and purification. Residues 257-716 of the avian H5N1 
influenza A virus (A/goose/Guangdong/1/96) PA gene were cloned into the 
pGEX-6p vector (GE Healthcare) and overexpressed in E. coli strain BL21. A 
gene fragment that encodes the N-terminal 25 residues of PB1 was also cloned 
into the same vector and overexpressed in BL21 cells. Cell cultures expressing 
each of these two proteins were mixed in approximately 1:1 molar ratios of 
expressed proteins. The recombinant proteins were then co-purified with a 
glutathione affinity column (GE Healthcare). After cleavage of the GST tag with 
PreScission protease (GE Healthcare), the protein complex was further purified 
by Q ion exchange chromatography and then by Superdex-200 gel filtration 
chromatography (GE Healthcare). 

In vitro binding experiments. Double point mutations in PAc were introduced 
using the PCR method by designing mutated residues in primers. The mutated 
genes were also cloned into the pGEX-6p vector. For in vitro binding experi- 
ments, the wild-type or double mutant PAc proteins were separately purified 
from E. coli strain BL21 as described in the main text. The purified GST-PB1y 
fusion peptide or GST alone (native control) was first immobilized on GSH 
resins, followed by the addition of approximately fivefold molar excess of puri- 
fied wild-type/double mutant PAc. GSH resins were extensively washed with 
PBS (pH 7.4) to remove unbound proteins, and the bound protein was eluted 
from the GSH resins with GST elution buffer containing 10 mM reduced glu- 
tathione. The eluted sample was then analysed by SDS-PAGE electrophoresis 
and stained by Coomassie blue. 

Crystallization and structure determination. Crystals were obtained by the 
vapour diffusion method with 1-1.5M sodium acetate as the precipitant at 
pH7.9. Native 2.9 A data were collected in-house (A = 1.5418 A) using an FR- 
E SuperBright rotating anode X-ray source equipped with an R-AXIS IV++ 
image plate detector (Rigaku). Anomalous X-ray diffraction data were collected 
to 3.6Aat peak (A = 0.9783 A) and inflection (2 = 0.9785 A) wavelengths froma 
selenomethionyl-derivative protein at the Advanced Photon Source, Chicago. 
Diffraction data were processed by HKL-2000 (ref. 30). Peak and inflection data 
sets were used for phasing by the multi-wavelength anomalous dispersion 
method”. A total of 17 expected heavy atoms were located by SHELXD” and 
initial phases were calculated using SHARP**. Density modification was per- 
formed by DM™ and Solomon”. Some secondary structure elements were clearly 
observed in the experimental electron density map. Approximately 60% of resi- 
dues were traced automatically by ARP/wARP’® after phase extension by 
Phenix” using 2.9 A native data and phases to 3.6 A. The remainder of the model 
was built manually using the program Coot**. The model was refined against 
native data at 2.9 A resolution using the programs CNS” and Refmac”. The final 
refined model, with an R factor of 22% and an Rp of 26%, contains residues 
257-716 of PA with some missing internal fragments, and residues 1-15 of PBI. 
All diagrams were prepared using PyYMOL (http://www.pymol.org) and electro- 
static surface charges were calculated by APBS. Docking of the PAc crystal 
structure into the low-resolution electron microscopy map and visualization 
of the electron microscopy model were performed with UCSF Chimera 
(http://www.cgl.ucsf.edu/chimera/). 
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Influenza A virus is a major human and animal pathogen with the 
potential to cause catastrophic loss of life. The virus reproduces 
rapidly, mutates frequently and occasionally crosses species bar- 
riers. The recent emergence in Asia of avian influenza related to 
highly pathogenic forms of the human virus has highlighted the 
urgent need for new effective treatments’. Here we demonstrate 
the importance to viral replication of a subunit interface in the 
viral RNA polymerase, thereby providing a new set of potential 
drug binding sites entirely independent of surface antigen type. 
No current medication targets this heterotrimeric polymerase 
complex. All three subunits, PB1, PB2 and PA, are required for 
both transcription and replication’ ~*. PB1 carries the polymerase 
active site, PB2 includes the capped-RNA recognition domain, and 
PA is involved in assembly of the functional complex~’, but so far 
very little structural information has been reported for any of 
them*"'. We describe the crystal structure of a large fragment of 
one subunit (PA) of influenza A RNA polymerase bound to a 
fragment of another subunit (PB1). The carboxy-terminal domain 
of PA forms a novel fold, and forms a deep, highly hydrophobic 
groove into which the amino-terminal residues of PB1 can fit by 
forming a 3, helix. 

Influenza A virus carries eight negative-strand RNA genome 
segments, each bound by the virally encoded RNA-dependent RNA 
polymerase complex, which has a molecular mass of around 
250 kDa’’. This complex carries out numerous essential roles in viral 
replication and pathogenesis, including ‘cap-snatching’; that is, the 
cleavage of host cell pre-messenger RNA to utilize its cap for viral 
transcripts”!*. The precise roles of each subunit are still being actively 
investigated. Because the complex is essential for many processes it 
shows a high level of sequence conservation across strains". It is also 
unrelated to human proteins, and therefore makes an appealing drug 
target. Currently however, there is very limited structural informa- 
tion for the complex. A 23 A resolution reconstruction of the overall 
structure by electron microscopy shows a compact shape with no 
obvious domain boundaries*’. The C-terminal domain of PB2 
including its nuclear localization signal has been crystallized, in 
complex with importin «5 (ref. 10). More recently a central domain 
from the same subunit has been crystallized and shown to carry the 
cap-binding site'’. The subunit interactions in RNA polymerase have 
been characterized by extensive mutagenesis, showing that the 
N-terminal tip of PB1 binds to the C terminus of PA'*"’, and the 
loss of PA abolishes RNA polymerase activity and viral replication’®. 
PA is involved in the assembly of functional polymerase complex, cap 
binding and virion RNA (vRNA) promoter binding®!’. PA and its 
interface with PB1 are therefore potential drug targets that are 
currently not being exploited. 


Tryptic digestion shows that PA forms two domains'’. The 
C-terminal domain carrying the PB1 binding site (residues 239- 
716) can be overexpressed alone in Escherichia coli and purified. 
Pull-down assays were used to confirm the reports’*'® that the 
C-terminal region (residues 657-716) is required for binding the N 
terminus of PB1 (see Supplementary Information). Co-expression of 
PA (residues 239-716) with PB1 (residues 1-81) yielded a stable 
complex which could be purified. Similar results were obtained when 
PB1 was truncated to the N-terminal 14 or 36 residues, but only 
PA(239-716)—PB1(1-81) yielded diffracting crystals. 

Native X-ray diffraction data were collected to 2.3 A, and the struc- 
ture was solved using a single mercury-soaked crystal, revealing that 
the C domain of PA consists of 13 a-helices and 9 B-strands (Fig. 1a, 
b). Eighteen residues at the N terminus and a loop (residues 372-397) 
between «3 and «4 are disordered, giving a total of 423 residues of PA 
in the final model, beginning with Ile 257. Overall 15 residues of PB1 
are visible in the electron density map, from Met1 to Gln15 
(Supplementary Fig. 1). These residues are completely conserved in 
human and avian influenza (Fig. 1c), and form extensive contacts with 
PA (Fig. 2 and 3). Protein Data Bank (PDB) searches revealed no 
similar structure to PA. Three a-helices, «10, «11 and «13, are posi- 
tioned like the jaws of a clamp, grasping the N terminus of PB1 with 
the support of a B-hairpin loop made by £8 and £9 (Fig. 1b and 
Supplementary Fig. 2a). Met 1 and Asp 2 of PB1 emerge from a gap 
beside the hairpin loop and are highly solvent exposed, whereas the 
side chain of Val 3 is partly buried (Fig. 2). Even if N-acetylated, Met 1 
seems unlikely to form strong interactions with PA. Pro 5 to Lys 11 
form a 319 helix, which is held by the finger-like clasp of PA. Pro 13 
turns the main chain so that Ala 14 and Gln 15 also pack against PA, 
but no further residues appear ordered in the structure. Mass spec- 
trometry confirmed that all 81 residues of the PB1-derived peptide are 
present in the crystal, but most are invisible in the electron density. 

PB1 interacts with PA through an array of hydrogen bonds and 
hydrophobic contacts (Fig. 2 and 3). Most inter-subunit hydrogen 
bonds form through main-chain atoms of PB1. Residues Asp 2 to 
Asn4 form anti-parallel B-sheet-like interactions with Ile 621 to 
Glu 623 of PA. The carbonyl oxygen atoms of Asp 2, Val3, Phe 9, 
Leul0 and Val12 in PB1 form hydrogen bonds to Glu623, 
Gln 408, Trp 706, Gln 670 and Arg673 in PA, and the backbone 
nitrogen atoms of Asp 2, Val 3, Asn 4, Leu 8, and Ala 14 in PBI form 
hydrogen bonds with Glu 623, Asn 412, Ile 621, Pro 620 and Gln 670, 
respectively (Fig. 2a). Hydrophobic interactions seem to contribute 
substantially to the binding energy (Fig. 3). Pro5 packs between 
Phe 411 and Trp 706, and Leu 8 makes contact with the side chains 
of Met595, Trp 619, Val636 and Leu640. Using this model, we 
designed deletions and point mutations in the C-terminal domain 
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Figure 1| Crystal structure of the C-terminal domain of PA bound to the 
N-terminal peptide of PB1. a, An overall ribbon diagram showing the fold of 
PA, with helices coloured red, strands yellow and coil green. Helices are 
numbered from the N terminus. PB1 residues are coloured dark blue. The 
principal B-sheet is formed largely from residues 482-571. b, The same 
model as a but rotated 90° around a horizontal axis to show a view down the 
‘clamp’ made from «-helices 10, 11 and 13. ¢, The sequence alignment of 


of PA that greatly weaken or abolish PB1 binding, and similarly 
reduce viral RNA synthesis in human cells (Fig. 4). The levels of 
vRNA, complementary RNA (cRNA) and viral mRNA synthesis were 
markedly lowered for all the mutants (Fig. 4c). 

The interactions observed in the model are completely consistent 
with previous aspartate scanning mutagenic studies that showed that 
only Pro 5, Leu 7, Leu 8, Phe 9 and Leu 10 appear essential for binding 
to PA'®. Mutation of Pro5 of PB1 to leucine abolished binding, 
suggesting that this residue helps to stabilize the helix as well as 
provide apolar contacts with PA. In contrast, replacing either Val 3 
or Thr6 with aspartate only reduced binding (by about 80% and 
25%, respectively, in the assay used), because these side chains are 
accessible to solvent water in the complex. Both Leu 7 and Leu 8 form 
many hydrophobic contacts and their replacement with a charged 
side chain would be expected to destabilize the complex strongly. 
Mutating either Phe9 or Leu 10 to aspartate also prevented PB1 
binding completely, even though these residues do not apparently 
form as many interactions with PA as Leu 7 and Leu 8, and are solvent 
exposed. Possibly an aspartate side chain at position 9 of PB1 would 
disrupt the helix of the N-terminal peptide. Equally, a carboxyl group 
in this position might distort the binding pocket by pulling on 
Lys 643 or Arg 663 of PA, which lie nearby. Leu 10 of PB1 contacts 
the side chain of Leu 7, and its replacement with aspartate may inter- 
fere with key interactions formed by that residue. Asp 10 of the 
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human (H1N1) influenza PA with that from an avian strain (AY059532 for 
A/Duck/HK/00, H5N1). Non-conserved residues are shown in red. 
Secondary structure is indicated with blue bars showing helices, yellow 
arrows showing strands, and broken lines showing disordered regions. 
Amino acid residues shown in white on blue form hydrogen bonds across the 
PA-PBI1 interface; residues shown in white on red form interface 
hydrophobic contacts. 


mutant would almost certainly be pulled away from Leu7 by 
Arg 673 in PA. Overall the crystal structure provides a clear explana- 
tion for the behaviour of the PB1 mutants, and strongly suggests that 
the core of the PB1 interaction interface is restricted to five residues: 
Pro 5, Leu 7, Leu 8, Phe 9 and Leu 10. The contribution of Phe 9 may 
in fact be smaller, and a leucine or similar residue in this position 
might be capable of supporting strong PB1—PA binding. Only the last 
two residues of the PTLLFL peptide sequence form hydrogen bonds 
with PA. 

A number of genetic and biochemical experiments have indicated 
residues in PA responsible for some activities of the viral polymerase 
(Supplementary Fig. 2). Lys 102 and His510 are required for the 
cap-binding activity’°. Thr157, Leu226, Arg442, Arg 443, 
Glu 493, Gly 494, His510, Glu524, Lys 536, Trp 537, Glu656 and 
Gly 657 are implicated in the replication activity®*°~*. Mapping these 
residues on the model of PA shows them to be widely distributed 
throughout the protein. His 510 and Glu 656 are external, but many 
other side chains from this group form salt bridges or polar interac- 
tions which stabilize the protein fold. For example, Glu 524 forms a 
deeply buried hydrogen bond with the main-chain nitrogen atom of 
Leu 283. Mutation of Cys 453 or Arg 638 has been shown to cause 
synthesis of defective interfering RNA’, and these two residues lie in 
van der Waals contact in the crystal structure. The cysteine is buried 
beneath the arginine, which makes a salt bridge with Glu 449. 
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Figure 2 | Hydrogen bonds between PA and PB1. a, Schematic diagram 
showing the hydrogen bonds between PA (blue boxes) and PB1 (orange 
boxes). Black dashed lines indicate hydrogen bonds between 2.4-3.4 A in 
length. b, Molecular surface representation showing the cleft into which PB1 
binds. The surface of PA is coloured blue, except residues that form 
hydrogen bonds with PB1, which are shown in yellow. PB1 is shown in 
orange Co trace, with labelled residues shown as sticks, nitrogen atoms 
coloured blue and oxygen atoms pink. c, The same model as b but rotated by 
180° about a horizontal axis to show the N terminus of PB1. 
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Figure 3 | Hydrophobic contacts between PA and PB1. a, Space-filling 
representation, with PA residues shown in green and PBI residues in orange. 
Although the interface is largely tightly packed, unfilled space is found 
adjacent to Pro 5, Thr 6 and Phe9 of PB1. The absence of any contact 
between Thr 6 of PB1 and PA suggests that substitutions at this position 
could exploit interactions with the nearby side chains of Leu 666 and 

Phe 710. Leu 666 is pressed against the benzene ring of Phe 9, with a distance 
between the side chains of 3.6 A. b, A cut-away diagram showing the binding 
site, with 8 and 89 removed. The molecular surface of PA is coloured green 
for residues making hydrophobic contacts (between 3.5—4.3 A in length) 
with PB1, and blue for all other residues. PB1 is shown in orange. 


Most current influenza drugs target either haemagglutinin (HA) 
or neuraminidase (NA), two major antigens present at the virion 
surface**. Sixteen different HA subtypes and nine different NA sub- 
types have been identified**. Oseltamivir (sold as Tamiflu) and zana- 
mivir (Relenza), for example, are NA inhibitors, and prevent viral 
particles being released from infected cells*>**. Billions of pounds 
worth of oseltamivir were stockpiled worldwide in response to the 
last Asian epidemic, but resistant influenza is already emerging. The 
anti-influenza drug amantadine targets the M2 protein, a viral 
proton channel’*”°; however, a single residue change is sufficient to 
confer resistance, which has risen sufficiently to render the drug 
useless against many strains. Both oseltamivir and amantadine target 
proteins with a single known function and substantial sequence vari- 
ation between viral strains. There is therefore ample scope to develop 
new lead molecules disrupting other processes in the viral life cycle. 
The highly conserved PB1 binding site on PA may have considerable 
potential as a drug target site, given that the interaction is crucial to 
many viral functions and rests on a handful of hydrophobic groups 
and hydrogen bonds. The peptide PTLLFL is clearly a lead molecule 
that might assist the development of new treatments effective against 
all types of influenza A virus, including avian strains, and it is hoped 
that the structure presented here will initiate this process. 
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Figure 4 | Transcriptional activity of PA mutants. a, Cartoon showing the 
Cu trace of PA in green, with residues selected for mutagenesis or deletion 
shown in blue. PB1 is shown in yellow (residues labelled in red). Val 636 

touches Leu 8, Leu 640 lies close to Leu 8 and Pro 5, Leu 666 packs against the 
side chain of Phe 9, and Trp 706 interacts with Asn 4, Pro 5 and Thr 6. b, GST 
pull-down assay. Wild-type (WT) PA and various mutants were tested for 
binding to GST fused to the N-terminal 14 residues of PB1 (middle) or by 
GST alone as a negative control (bottom). The eluted proteins were analysed 


METHODS SUMMARY 

Cloning, expression, purification of PA-PB1 complex and mutants assay. The 
genes encoding PA and PB1 from influenza A/Puerto Rico/8/1934 HIN1 were 
cloned into pET28b with a hexa-histidine tag fused at the N terminus of PA and 
were co-expressed in E. coli strain BL21-CodonPlus(DE3)-RILP (Stratagene). 
The expressed complex was purified by Ni-NTA (Qiagen) and Q-sepharose (GE 
Healthcare). For pull-down assays, PA mutants were cloned and purified as 
complexes with the PB1 fragment by the same method. A gene encoding PB1 
residues 1-14 was cloned into pET28b with a glutathione S-transferase (GST) tag 
fused at its N terminus. After incubation of wild-type and mutant PAs with GST- 
fused PB1, proteins were pulled down by glutathione sepharose (GE Healthcare) 
and analysed by SDS-acrylamide gel electrophoresis. 

Crystallization, structure determination and refinement. Crystals grew in 
space group P3721, with a= b= 101.9 A, c= 115.0 A, and contained one mole- 
cule in an asymmetric unit. The final Rand R-free factors are 20.7% and 26.2% at 
2.3 A resolution, respectively. 87.7% of the residues in the final model are in the 
most favourable regions of the Ramachandran plot, with no residues in dis- 
allowed regions (Supplementary Table 1). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cloning, expression and purification of the PA-PB1 complex. The genes 
encoding PA and PB1 were amplified by PCR using cDNA (influenza 
A/Puerto Rico/8/1934, HIN1) in pET14b (ref. 31). The product encoding PA 
residues 239-716 was digested with BamHI and NotI and then ligated into 
suitably cut, modified pET28b vector, in which a SD sequence, initial ATG, 
hexa-histidine tag and a tobacco etch virus (TEV) protease cleavage site had 
been cloned between XbaI and BamHI restriction sites immediately upstream of 
the protein coding region (pET28HisTEV). An Nhel site was created by PCR 
between the stop codon and Not!l site. A truncated PB1 gene encoding residues 
1-81 was cloned into pET21b using Ndel and NotI. A co-expression plasmid was 
produced by ligating the PB1 coding fragment into NheI—Notl digested 
pET28HisTEV-PA. This co-expression plasmid was transformed into 
BL21(DE3)RILP CodonPlus strain (Stratagene). The protein complex was 
expressed in LB medium overnight at 15°C after induction with 0.5mM 
IPTG. Harvested cells were resuspended in Ni-NTA binding buffer (20 mM 
Tris pH 8.0, 500 mM NaCl, 500 mM urea, 25 mM imidazole and 10 mM f-mer- 
captoethanol) and lysed by sonication. After centrifugation, the supernatant was 
loaded onto Ni-NTA agarose (Qiagen) equilibrated with the same buffer. 
Protein was eluted by a 25-500 mM linear gradient of imidazole. Peak fractions 
were incubated overnight with His-tagged TEV protease at room temperature 
while dialysing against Ni-NTA binding buffer. After complete cleavage the 
sample was loaded on Ni-NTA agarose again to remove His tag, His-tagged 
TEV protease and minor protein contaminants. The complex was then dialysed 
against Q-buffer (20 mM Tris pH 8.0, 100 mM NaCl and 5 mM dithiothreitol 
(DTT)) and was loaded onto Q-sepharose (GE-Healthcare). The peak fraction 
was eluted by a 100-1,000 mM linear gradient of NaCl. Finally, the protein 
complex was dialysed against crystallization buffer (20mM Tris pH 8.0 and 
100 mM NaCl) and then concentrated to 15mg ml ' for crystallization using 
a Centriprep YM-30 concentrator (Millipore) with an exclusion size of 30 kDa. 
Site-specific mutagenesis was carried out by PCR. Mutant proteins were purified 
by the same method. 

Pull-down assay. A synthetic gene encoding PB1 residues 1-14 was cloned into 
another modified pET28b vector, pETGSTTEV, in which GST had been inserted 
instead of the His-tag found in pETHisTEV. After expression by the same 
method used for the PA-PB1 complex mentioned above, GST-fused PB1 was 
purified using glutathione sepharose (GE-Healthcare) equilibrated with 20 mM 
Tris pH 8.0, 150 mM NaCl and 5mM DTT by a 25-500 mM linear gradient of 
reduced glutathione. For PA, cloning and purification were carried out by the 
same method as for the PA-PB1 complex. 

A total of 2 nmol GST-tagged PB1 was incubated with 4 nmol untagged PA at 
room temperature overnight in reconstitution buffer containing 20 mM Tris/ 
HCl pH 8.0, 150 mM NaCland5 mM DTT. A total of 20 il glutathione sepharose 
resin was used for pull-down proteins. After washing by repeating centrifugation 
and addition of same buffer, the complex was eluted by 50 ul elution buffer 
(20mM reduced glutathione in the above buffer). Proteins were analysed by 
SDS-polyacrylamide gel electrophoresis (5—20% gradient) and staining with 
Coomassie blue. 

Reconstitution of model viral RNP in transfected cells. 293T cells were trans- 
fected with viral protein expression plasmids encoding PA (either wild type or 
mutant), PB1, PB2, NP and pHH21-vNS-Luc reporter plasmid. This plasmid 
carries the luciferase gene in reverse orientation sandwiched between 23- 
nucleotide-long 5’- and 26-nucleotide-long 3’-terminal promoter sequences 
of the influenza virus segment 8, placed under the control of human Pol I 
promoter. This system can reconstitute active viral RNP’. After incubation 
for 16h, the luciferase assay** (Promega) and real-time RT-PCR assay were 
carried out. RNA purified from the cells was subjected to reverse transcription 
with different primers to assess the levels of CRNA, vRNA and mRNA. 5’- 
TATGAACATTTCGCAGCCTACCGTAGTGTT-3’, corresponding to the luci- 
ferase coding region between nucleotide sequence positions 351-380, was used 
to measure the cRNA levels. 5’-AGTAGAAACAAGGGTGTTTTTTAGTA-3’, 
which is complementary to the 3’ portion of the segment 8 cRNA, was used to 
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measure vRNA synthesis, and oligo(dT)3) was used to measure mRNA. The 
single-stranded cDNAs produced were subjected to real-time quantitative 
PCR analyses with two specific primers: 5/- 
TATGAACATTTCGCAGCCTACCGTAGTGTT-3’, corresponding to the luci- 
ferase coding region between nucleotide sequence positions 351-380, and 5’- 
CCGGAATGATTTGATTGCCA-3’, complementary to the luciferase coding 
region between nucleotide sequence positions 681-700. NP mRNA transcribed 
from the expression plasmid was used as an internal control. 

Crystallization. Crystals were grown at 20 °C in hanging drops, which consisted 
of protein solution (1 pl) and reservoir solution (1 il). For the PA-PB1 complex, 
10mg ml ' protein in 20 mM Tris-HCl (pH 8.0), 100 mM sodium chloride, was 
crystallized with 100 mM Tris-HCl (pH 7.5), 2.4M sodium formate reservoir 
solution. For heavy atom derivatization, crystals were soaked in a solution con- 
taining crystallization buffer and 0.5 mM thimerosal (Hg) for 12h before data 
collection. Crystals were of space group P3321, with a= b= 101.957 A, 
c= 115.023 A, and contained one molecule in the asymmetric unit. 
Diffraction data were collected at —180°C using a crystal flash-frozen in crys- 
tallization buffer containing 30% (v/v) glycerol. Diffraction data from native and 
mercury-derivatized crystals were collected at 1.0 A and 1.008 A, respectively, on 
beamlines SPring8 BL41XU and Photon Factory BL5A, using an ADSC 
Quantum 315 CCD detector. Diffraction data were integrated and scaled with 
HKL2000 and SCALEPACK”. General handling of the scaled data was carried 
out with programs from the CCP4 suite™. 

Structure determination and refinement. The native and derivative data sets 
were used for phasing by SIR using SHELXD* and SOLVE”. Five mercury sites 
and initial phases were determined using SOLVE. Solvent flattening using 
RESOLVE” was used to improved phase accuracy. After density modification, 
an electron density map was calculated to a resolution of 3.2 A. The map was of 
good quality, allowing most of the model to be traced readily. Successive rounds 
of model building using COOT** and TURBO-FRODO” were followed by 
refinement using CNS“ and REFMAC"". Solvent molecules were placed at posi- 
tions where spherical electron density peaks were found above 1.30 in the 
|2F, — F.| map and above 3.0a in the |F, — F.| map, and where stereochemically 
reasonable hydrogen bonds were allowed. The final model contained residues 
257-348, 354-371, 398-549, 558-716 of PA, and 1-15 of PBI protein. Validation 
of the final model was carried out using PROCHECK”, which indicated that 
87.7% of the residues are in the most favourable regions of the Ramachandran 
plot, with no residues in ‘disallowed’ regions. A summary of the data collection 
and refinement statistics is given in Supplementary Table 1. 
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Multipotent somatic stem cells contribute to the stem 
cell niche in the Drosophila testis 


Justin Voog'”, Cecilia D'Alterio’ & D. Leanne Jones’ 


Adult stem cells reside in specialized microenvironments, or 
niches, that have an important role in regulating stem cell beha- 
viour'. Therefore, tight control of niche number, size and function 
is necessary to ensure the proper balance between stem cells and 
progenitor cells available for tissue homeostasis and wound repair. 
The stem cell niche in the Drosophila male gonad is located at the 
tip of the testis where germline and somatic stem cells surround 
the apical hub, a cluster of approximately 10-15 somatic cells that 
is required for stem cell self-renewal and maintenance“. Here we 
show that somatic stem cells in the Drosophila testis contribute to 
both the apical hub and the somatic cyst cell lineage. The 
Drosophila orthologue of epithelial cadherin (DE-cadherin) is 
required for somatic stem cell maintenance and, consequently, 
the apical hub. Furthermore, our data indicate that the transcrip- 
tional repressor escargot regulates the ability of somatic cells to 
assume and/or maintain hub cell identity. These data highlight the 
dynamic relationship between stem cells and the niche and pro- 
vide insight into genetic programmes that regulate niche size and 
function to support normal tissue homeostasis and organ regen- 
eration throughout life. 

Many stem cell niches include support cells that influence stem cell 
behaviour through secretion of diffusible molecules. Physical contact 
between stem cells and support cells and/or the extracellular matrix 
holds stem cells within the niche and close to self-renewal signals. 
Furthermore, niches provide spatial and mechanical cues that influ- 
ence the fate of stem cell daughters. Therefore, the stem cell niche has 
an important role in regulating stem cell maintenance, self-renewal 
and survival (reviewed in ref. 5). However, little is known about the 
factors that regulate niche maintenance or size. 

Approximately ten somatic cells, called the hub, are found at the 
apical tip of the Drosophila testis (Fig. 1a)’. Germline stem cells (GSCs) 
and somatic stem cells (SSCs) surround and are in contact with hub 
cells. Whereas GSCs sustain spermatogenesis, SSCs produce cyst cells 
that encapsulate the maturing germ cells and ensure differentiation®” 
Hub cells secrete the growth factor Unpaired (Upd)**, which activates 
the JAK-STAT signal transduction pathway in adjacent stem cells. 
JAK-STAT signalling is necessary for stem cell maintenance and is 
sufficient to specify self-renewal of both GSCs and SSCs in the testis***. 

The apical hub is typically described as a post-mitotic, static struc- 
ture. However, in agametic flies, SSCs proliferate and express hub 
markers, leading to an apparent expansion of the apical hub’. 
Furthermore, recent studies have noted that hub cell number and 
function decrease with age'®"’, indicating that the stem cell niche in 
the testis is dynamic. Hub cells and SSCs share numerous features, 
including similar gene expression patterns and close association with 
GSCs and each other®’’; however, the precise relationship between 
SSCs and hub cells has not been explored. 

We proposed that SSCs may serve as a source of cells that contrib- 
ute to the apical hub and, consequently, the stem cell niche. To 


address whether SSCs give rise to hub cells, positively marked 
B-galactosidase-expressing (B-gal") SSCs were generated using 
mitotic recombination, a technique typically used for lineage tracing 
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Figure 1| Somatic stem cell progeny contribute to the hub. a, Schematic 
diagram of the apical tip of the testis. Hub cells (red) contact SSCs (light grey) 
and GSCs (green). SSCs produce cyst cells (dark grey) that envelop developing 
germline cells (green). b-f, Immunofluorescence images of the apical tip of 
the adult testis from flies heat shocked to generate labelled dividing cells 
expressing nuclear [-galactosidase ((}-gal). Testes were stained with 
antibodies to DE-cadherin or Fasciclin III (FasII1), B-gal, and Traffic Jam (TJ) 
or 4,6-diamidino-2-phenylindole (DAPI). b, One day after heat shock, three 
B-gal* (arrowheads, green; second panel) and TJ* somatic cells (red; fourth 
panel) are near the FasIII* (blue; third panel) hub (asterisk). ¢, Five days after 
heat shock two B-gal* SSCs (arrowheads, green; right panel) contact hub cells 
(outline/DE-cadherin, red). A B-gal* SSC daughter cell (arrow) is also 
present. d, Lower magnification view of c. B-Gal* somatic cells (arrows, 
green) are present along the length of the testis. e, Five days after heat shock, 
the hub (outline, DE-cadherin, red) contains two B-gal~ cells (arrowheads, 
green; right panel). f, Fifteen days after heat shock, two B-gal* hub cells 
(green, arrowheads; second panel) co-stain with FasIII (blue, outline; third 
panel) and TJ (red; fourth panel). Scale bars: b, d, 20 |1m; ¢, e, f, 10 Lum. 
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analyses. Labelled SSCs were generated by heat-shocking flies of the 
appropriate genotype to initiate FLP-mediated recombination, 
resulting in reconstitution of the «-tubulin promoter upstream of 
the lacZ gene’*. Hub cells were identified by immunolabelling with 
antibodies to Fasciclin III (FasIII, Fig. 1b, third panel)'* or DE-cad- 
herin (Fig. 1c)'°, cell-surface proteins concentrated at hub cell junc- 
tions. SSCs and early cyst cells were identified by immunolabelling 
with antibodies to Traffic Jam (TJ), a transcription factor that is 
strongly expressed in early cyst cell nuclei'® (Fig. 1b, f, first panels) 
and weakly expressed in hub cells (Fig. 1f, fourth panel). 

Wild-type SSC clones were identified as B-gal* cells adjacent to the 
apical hub and surrounding germ cells (Fig. 1c and Supplementary 
Table 1). A series of heat shocks after eclosion (hatching) led to at 
least one B-gal* SSC in 57% (n= 47) of testes from 3-day-old males 
analysed 1 day after heat shock. At 5 days after heat shock, 28% 
(n=7A4) of testes contained at least one B-gal* SSC, and this fre- 
quency decreased to 10% (n=183), 10% (n=225) and 4% 
(n= 142) at 10, 15 and 30days after heat shock, respectively 
(Supplementary Table 1). 

In addition to B-gal” SSCs, B-gal* hub cells were also observed 
that co-labelled with DE-cadherin and FasIII. In fact, B-gal* cells 
were found within the hub in 34% (n=47), 47% (n=74) and 
60% (n= 225) of testes from males at 1, 5 and 15 days after heat 
shock, respectively (Fig. le, f and Supplementary Table 2). No 
B-gal* cells were observed in flies not exposed to the heat-shock 
protocol (Supplementary Table 2). 

Previous reports concluded that hub cells are post-mitotic”’; how- 
ever, it is possible that hub cells undergo rare divisions to become 
marked during recombination. To test whether hub cells are mitotic, 
dividing cells in the testis were labelled with 5’-bromo-2-deoxyuri- 
dine (BrdU), which is incorporated into newly synthesized DNA 
during S phase. Flies were fed (‘pulsed’) BrdU for 30 min and aged 
(‘chased’) for up to 15 days. Subsequently, labelled testes were co- 
stained with antibodies to BrdU, as well as to the hub marker FaslIII. 
No BrdU-positive (BrdU*) hub cells were detected after a 1-day 
chase (n= 82), although cells adjacent to the hub were clearly 
labelled (Fig. 2a). 

However, BrdU~ hub cells were observed 3-10 days after labelling 
(Fig. 2b, d). BrdU* hub cells were present in 4% (n= 143), 8% 
(n= 103) and 3% (n= 96) of testes assayed at 5, 7-8 and 10 days 
after labelling (Supplementary Table 3). Moreover, these BrdU* cells 
co-expressed FasIII (Fig. 2b) and an upd reporter, indicating that 
these cells function as hub cells (Fig. 2d). These data are consistent 
with previous results indicating that hub cells are post-mitotic”’ and 
support the hypothesis that mitotically active SSCs act as a source of 
cells that can contribute to the apical hub. 

SSCs are reported to be the only dividing somatic cells in the testis; 
however, we observed two distinct populations of somatic cells divid- 
ing near the testis tip. One group, which constituted 69% (20 out of 
29) of phospho-histone-H3-positive somatic cells (1 = 453 testes), 
appeared to be immediately adjacent to the hub, similar to GSCs 
(Fig. 3a, b). We also observed somatic cells that were dividing 1-2 
cell distances away from the hub (9 out of 29) (Fig. 3c, d). Several 
scenarios could explain these observations: there are two SSC popu- 
lations, one which gives rise to hub cells and another that sustains the 
cyst cell lineage, or there are SSCs that produce both hub cells and a 
transient amplifying somatic cell population. 

To distinguish between these possibilities, we adjusted the heat- 
shock regime to label, on average, only one B-gal* somatic cell and 
analysed the clones derived from these marked cells (Supplementary 
Fig. 1). Thirteen per cent of testes examined contained marked so- 
matic cells adjacent to the hub at 1 day after heat shock (m= 185), 
which decreased to 9.5% (n=190), 3.3% (n=212) and 2.8% 
(n= 72) of testes at 5, 10 and 15 days after heat shock, indicating a 
half-life for SSCs between 5-10 days. Single, marked somatic cells 
displaced away from the hub were found initially in 11.3% of testes 
examined at 1 day after heat shock, but this number decreased to 
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0.5% by 5 days after heat shock, which is consistent with these cells 
being transient non-stem-cell clones (Fig. 3e, f and Supplementary 
Fig. 1). In contrast, the number of testes that contained marked hub 
cells increased from 11.9% at 1 day after heat shock to 25.8%, 24.5% 
and 18.1% at 5, 10 and 15 days after heat shock, respectively. Clones 
containing all three cell types were observed in 22% (n= 18) and 
14% (n= 7) of testes that contained marked SSCs at 5 and 10 days 
after heat shock, respectively (Fig. 3g—i). From these data we con- 
clude that multipotent SSCs self-renew and contribute to both hub 
and cyst cell lineages, whereas dividing cyst cells, which we call cyst 
progenitor cells (CPCs), expand the pool of cells capable of encap- 
sulating newly divided gonialblasts and maturing spermatogonia to 
ensure terminal differentiation®”’” (Supplementary Fig. 1). 

To identify factors required for incorporation of cells into the 
apical hub, SSCs were generated that were mutant for genes expressed 
in both cell types: DE-cadherin, which is encoded by the shotgun (shg) 
gene, and the transcriptional repressor Escargot (Esg). DE-cadherin 


Figure 2 | BrdU-labelled cells become incorporated into the apical hub. 

a, b, d, Immunofluorescence images of testes from wild-type (OregonR) 
(a, b) or updGAL4-UAS-gfp (d) adult flies fed BrdU. a, Left panel: BrdU~ 
cells (green) surround the FasIII* hub (red, outline). Two BrdU* GSCs 
(asterisks) and a BrdU~ somatic cell (arrow) are adjacent to the apical hub 
(outline) after a 1-day chase. Right panel: no BrdU~ hub cells are detected. 
b, A BrdU hub cell (arrow) is present after a 3-day chase (left panel). FasIII 
(middle panel); BrdU (right panel). ¢, Hub cells stained with DE-cadherin 
(red; middle panel) and GFP (green; right panel) in updGAL4-UAS-gfp 
testis. d, A BrdU * hub cell (arrow) is detected after a 7-day chase. The middle 
panel shows the GFP channel; the right panel shows the BrdU channel. Scale 
bars: 10 tm. 
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is expressed in cyst cells and is strongly enriched in the hub (Fig. Ic, 
d). SSC clones were generated that were homozygous mutant for 
either the loss-of-function shg'”’ or amorphic shg’” allele. SSC 
maintenance and frequency of marked hub cells were assayed at 
various time points. In this experiment, marked cells and their pro- 
geny subsequently become permanently labelled by ubiquitous green 
fluorescent protein (GFP) expression (Fig. 4). 

Heat-shocked wild-type testes possessed GFP* GSCs and SSCs, as 
well as GFP* hub cells that co-stained with FasIII and DE-cadherin 
(Fig. 4 a—c, e). In contrast to wild type, shg mutant GSC and SSC 
clones were not maintained (Fig. 4d, Supplementary Fig. 2 and 
Supplementary Table 1), indicating that DE-cadherin has a role in 
stem cell maintenance in the testis, similar to its role in the ovary'*", 
presumably by holding stem cells within the niche and close to self- 
renewal signals. 

Marked hub cells were observed in 14% (n = 144), 35% (n= 114) 
and 65% (n= 110) of wild-type testes examined at 5, 10 and 15 days 
after heat shock, respectively (Fig. 4e and Supplementary Table 2). 
Notably, progeny of DE-cadherin mutant SSCs contributed to the 
apical hub at a frequency similar to progeny from wild-type SSCs 
(Fig. 4f and Supplementary Table 2). These data indicate that 
although DE-cadherin is required for SSC maintenance, it is not 
absolutely required for mediating the contribution of SSC progeny 
to the hub. 

To confirm that shgis not required in hub cells for maintaining the 
apical hub, we used RNAi-mediated knockdown of shg expression in 
hub cells. A FasIII* apical hub was detected in 100% of testes from 
1-day-old (n=12), 10-day-old (n= 15) and 20-day-old males 
(n= 28), despite a reduction in DE-cadherin expression in hub cells 
(Supplementary Fig. 3). Testes collected at 20 days also displayed 
normal expression of a upd reporter (98%, n= 115) and contained 
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TJ* (100%, m = 25) cells near the apical tip (Supplementary Fig. 3). 
These data support our findings that DE-cadherin is not absolutely 
required in hub cells to maintain a functional stem cell niche. 

However, shg is required in SSCs and early cyst cells for maintain- 
ing the apical hub. Knockdown of shg in all SSCs and early cyst cells 
resulted in a decrease in the number of TJ” cells in 1-day-old males, 
consistent with a role for shg in SSC maintenance (Fig. 4g, h and 
Supplementary Fig. 4). Surprisingly, decreased levels of DE-cadherin 
were also observed in hub cells (Supplementary Fig. 4). In 29% 
(n= 42) of 15-day-old and 44% (n= 36) of 20-day-old males, the 
apical hub was severely diminished or lost, as determined by FasIII 
expression (Fig. 4i, j and Supplementary Fig. 4). These data support 
our model that SSCs act as a source of cells to maintain the apical hub. 

The transcriptional repressor Escargot is expressed in many tis- 
sues, including GSCs, early cyst cells and hub cells in the testis*”'. 
Males carrying a viable, hypomorphic allele of esg, called shutoff, 
exhibit loss of apical hub cells during development (J.V., manuscript 
in preparation). Therefore, we hypothesized that esg may be required 
for regulating the contribution of SSCs to the hub. Mutant labelled 
SSCs were generated using two amorphic esg alleles, as described 
above. 

Unlike progeny from shg mutant SSCs, progeny from esg mutant 
SSCs did not contribute to the hub at the same frequency as wild-type 
controls: esg” ? mutant GFP hub cells were observed in 5% (n = 38), 
3% (n= 40), 0% (n = 36) and 4% (n = 52) of testes examined at 1, 5, 
10 and 15 days after heat shock, respectively (Supplementary Table 
2). In instances when esg mutant GFP* hub cells were observed, 
normal hub morphology was often severely disrupted (Fig. 4k, 1). 
These data suggest that esg regulates either the contribution of SSC 
progeny to the hub, perhaps by facilitating the cell fate transition 
between SSC and hub cell, or maintenance of hub cell fate. 
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Figure 3 | Two populations of mitotically active somatic cells are present 
near the hub. a—d, Confocal images of updGAL4-UAS-gfp testes. a, b, Testes 
stained for Vasa (blue; middle panels), phospho-histone-H3 (pHH3, red; 
right panels) and GFP (green). Phospho-histone-H3" SSCs (arrowheads) 
are observed near the hub. ¢, Testes stained for TJ (blue; middle panel), 
phospho-histone-H3 (green; right panel) and GFP (green; right panel). The 
hub is outlined. A mitotic CPC (arrow) surrounds a mitotic GSC 
(arrowhead). d, Testes stained with TJ (blue; middle panel), phospho- 
histone-H3 (red; right panel) and GFP (green). A mitotic CPC (arrows) one- 
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cell distance from the hub (outline) is shown. e, Graph depicting marked 
somatic cell type frequency from all testes assayed at various time points. 
f, Graph depicting marked somatic cell type frequency from testes 
containing marked somatic cells at various time points. g—i, A testis 10 days 
after heat shock stained for B-gal* (green; bottom panels), DE-cadherin 
(red) and DAPI (blue). A B-gal~ hub cell (g, indented arrowhead), B-gal~ 
SSC (h, i, arrowhead) and B-gal~ CPC (i, arrow) are shown. Z-section images 
(1 jum) are denoted by depth in the lower left corner. Scale bars: 10 um. 
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Figure 4 | Factors required for SSC maintenance and the SSC-hub cell 
transition. a, Ten days after heat shock a series of GFP™ late cyst cells (green, 
arrows) and a single labelled hub cell are present (arrowhead in b). GFP 
(green), DE-cadherin (red) and DAPI (blue) are shown. b, Higher 
magnification (X63) of the hub in a (outline, DE-cadherin, red) with a GFP* 
hub cell (arrowhead, right panel). ¢, Five days after heat shock GFP* 
germline and somatic cells are maintained near the DE-cadherin* hub (red). 
Late GEP* germline (arrowhead) and somatic cell (arrow) clones are present 
basally. d, Five days after heat shock GFP* shg'©?? mutant late somatic cells 
are present (arrow), but no GFP™ clones are present near the DE-cadherin™ 
hub (red) at the apical tip. e, f, Fifteen days after heat shock GFP* hub cells 


To explore Esg function further, we used the agametic oskar (osk) 
mutant phenotype, in which SSCs proliferate and express hub mar- 
kers, resulting in an apparent expansion of the apical hub’. If Esg is 
required for mediating the transition of somatic cyst cells to the 
apical hub, we predicted that the expansion of FasIII* cells would 
be blocked in an esg;osk double mutant background. In contrast to 
the expansion of FasIII* cells in 82% (n = 16) of osk mutant testes, 
only 22% (n= 63) of testes from esg";osk mutant males showed 
expansion of FasIII, despite there being clearly more TJ* somatic 
cyst cells (Fig. 4m, n). These data support our previous results and 
indicate that esg is required for the ability of somatic cells to assume 
and/or maintain hub cell fate. 

Our findings demonstrating that SSCs can adopt a hub cell fate 
highlight the dynamic nature of the stem cell—niche relationship and 
provide a mechanism to regulate the size and function of the stem cell 
niche in the Drosophila testis. In our model, as somatic cells are 
displaced from the hub, there is a decline in self-renewal and prolif- 
eration potential, which could be reinforced by encapsulation of 
differentiating germ cells (Supplementary Fig. 1). Interestingly, 
expansion of the somatic cyst cells as a consequence of germline loss 
suggests that germ cells exert an anti-proliferative influence that must 
be overcome in SSCs. 
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are present from wild-type (e) and s ') somatic clones (arrowheads). 
GEP* shg'©”? hub cells display loss of DE- a (red) at the hub interface 
(inset, DE-cadherin channel). g, h, Testes from 1-day-old c587GAL4 (g) and 
c587GAL4/UAS-shgRNAi (h) males stained with DE-cadherin (red) and TJ 
(green). i, j, Testes from 15-day-old c587GAL4 (i) and c587GAL4/UAS- 
shgRNAi (j) males. Note the loss of DE-cadherin (red) and TJ (green) stain in 
j.k, I, Fifteen days after heat shock distorted GFP* hub cells are present from 
esg?? (k) and ese’? (I) mutant somatic clones (compare to e). The hub is 
marked with DE-cadherin (red). m, n, esg* hel/CyO; osk/osk (m) and esg* bof 
es gh; osk/osk (n) testes stained for FasIII (red, insets) and TJ (green). Scale 
bars: a, c, d, 20 um; e-n, 10 um. 


A better understanding of how stem cell niches are established and 
regulated in mammalian systems could facilitate modulation of the 
niche to enhance transplantation of stem cells in regenerative medi- 
cine**”*. Conversely, if an expanded or modified niche accompanies 
tumour progression or metastasis, then blocking niche maintenance 
programmes (niche ablation) could be used as an important anti- 
cancer therapeutic™*”>. 


METHODS SUMMARY 

Fly husbandry and stocks. Flies were raised at 25°C on standard cornmeal- 
molasses media. The esl allele was isolated in the Fuller laboratory (J.V. et al., 
manuscript in preparation). The UAS-shgRNAi line was obtained from the 
Vienna Drosophila Resource Center (VDRC). The updGAL4-UAS-gfp line was 
a gift from E. Bach. For additional information see Methods. 

Lineage tracing analyses. Adult flies or embryos (y,w, hs-FLP/+; X-15-29/X-15- 
33) were heat shocked for 2h on 2 consecutive days (maximal clone induction) 
or for 1h on 1 day (moderate clone induction)’. 

For MARCM experiments, late pupae or early larvae were heat shocked at 
37°C for 2h on 2 consecutive days. Flies were collected at various time points 
after the last heat shock, immunostained and analysed”. 

BrdU labelling. OregonR or updGAL4-UAS-gfp 1-day-old males were starved in 
wet-plugged vials overnight (~16h). Subsequently, starved flies were moved to 
vials containing 100 pl of 100 mM BrdU dissolved in grape juice for 30 min and 
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then moved to agar-molasses vials and aged. Testes were stained as described 
previously''. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 15 February; accepted 16 June 2008. 
Published online 20 July 2008. 


1. Schofield, R. The relationship between the spleen colony-forming cell and the 
haemopoietic stem cell. Blood Cells 4, 7-25 (1978). 

2. Hardy, R. W., Tokuyasu, K. T., Lindsley, D. L. & Garavito, M. The germinal 
proliferation center in the testis of Drosophila melanogaster. J. Ultrastruct. Res. 69, 
180-190 (1979). 

3. Kiger, A. A., Jones, D. L., Schulz, C., Rogers, M. B. & Fuller, M. T. Stem cell self- 
renewal specified by JAK-STAT activation in response to a support cell cue. 
Science 294, 2542-2545 (2001). 

4. Tulina, N. & Matunis, E. Control of stem cell self-renewal in Drosophila 
spermatogenesis by JAK-STAT signaling. Science 294, 2546-2549 (2001). 

5. Jones, D. L. & Wagers, A. J. No place like home: anatomy and function of the stem 
cell niche. Nature Rev. Mol. Cell. Biol. 9, 11-21 (2008). 

6. Kiger, A. A., White-Cooper, H. & Fuller, M. T. Somatic support cells restrict 
germline stem cell self-renewal and promote differentiation. Nature 407, 
750-754 (2000). 

7. Tran, J., Brenner, T. J. & DiNardo, S. Somatic control over the germline stem cell 
lineage during Drosophila spermatogenesis. Nature 407, 754-757 (2000). 

8. Harrison, D. A., McCoon, P. E., Binari, R., Gilman, M. & Perrimon, N. Drosophila 
unpaired encodes a secreted protein that activates the JAK signaling pathway. 
Genes Dev. 12, 3252-3263 (1998). 

9. Génczy, P. & DiNardo, S. The germ line regulates somatic cyst cell proliferation 
and fate during Drosophila spermatogenesis. Development 122, 2437-2447 
(1996). 

0. Wallenfang, M. R., Nayak, R. & DiNardo, S. Dynamics of the male germline stem 
cell population during aging of Drosophila melanogaster. Aging Cell 5, 297-304 
(2006). 

1. Boyle, M., Wong, C., Rocha, M. & Jones, D. L. Decline in self-renewal factors 
contributes to aging of the stem cell niche in the Drosophila testis. Cell Stem Cell 1, 
470-478 (2007). 

2. Boyle, M. & DiNardo, S. Specification, migration and assembly of the somatic cells 
of the Drosophila gonad. Development 121, 1815-1825 (1995). 

3. Harrison, D. A. & Perrimon, N. Simple and efficient generation of marked clones in 
Drosophila. Curr. Biol. 3, 424-433 (1993). 

4. G6nczy, P., Viswanathan, S. & DiNardo, S. Probing spermatogenesis in Drosophila 
with P-element enhancer detectors. Development 114, 89-98 (1992). 

5. Yamashita, Y., Jones, D. L. & Fuller, M. T. Orientation of asymmetric stem cell 
division by the APC tumor suppressor and centrosome. Science 301, 1547-1550 
(2003). 


1136 


NATURE|Vol 454|28 August 2008 


6. Li,M.A., Alls, J. D., Avancini, R. M., Koo, K. & Godt, D. The large Maf factor Traffic 
Jam controls gonad morphogenesis in Drosophila. Nature Cell Biol. 5, 994-1000 
(2003). 

7. Schulz, C., Wood, C. G., Jones, D. L., Tazuke, S. I. & Fuller, M. T. Signaling from 
germ cells mediated by the rhomboid homolog stet organizes encapsulation by 
somatic support cells. Development 129, 4523-4534 (2002). 

8. Song, X., Zhu, C. H., Doan, C. & Xie, T. Germline stem cells anchored by adherens 
junctions in the Drosophila ovary niches. Science 296, 1855-1857 (2002). 

9. Song, X. & Xie, T. DE-cadherin-mediated cell adhesion is essential for maintaining 
somatic stem cells in the Drosophila ovary. Proc. Natl Acad. Sci. USA 99, 
14813-14818 (2002). 

20. Streit, A., Bernasconi, L., Sergeev, P., Cruz, A. & Steinmann-Zwicky, M. mgm 1, the 

earliest sex-specific germline marker in Drosophila, reflects expression of the gene 
esg in male stem cells. Int. J. Dev. Biol. 46, 159-166 (2002). 

21. Le Bras, S. & Van Doren, M. Development of the male germline stem cell niche in 
Drosophila. Dev. Biol. 294, 92-103 (2006). 

22. Conboy, |. M. et al. Rejuvenation of aged progenitor cells by exposure to a young 
systemic environment. Nature 433, 760-764 (2005). 

23. Adams, G. B. et al. Therapeutic targeting of astem cell niche. Nature Biotechnol. 25, 
238-243 (2007). 

24. Kaplan, R. N. et al. VEGFR1-positive haematopoietic bone marrow progenitors 
initiate the pre-metastatic niche. Nature 438, 820-827 (2005). 

25. Sneddon, J. B. et al. Bone morphogenetic protein antagonist gremlin 1 is widely 
expressed by cancer-associated stromal cells and can promote tumor cell 
proliferation. Proc. Natl Acad. Sci. USA 103, 14842-14847 (2006). 

26. Nystul, T. & Spradling, A. An epithelial niche in the Drosophila ovary undergoes 
long-range stem cell replacement. Cell Stem Cell 1, 277-285 (2007). 

27. Lee, T. & Luo, L. Mosaic analysis with a repressible cell marker for studies of gene 

function in neuronal morphogenesis. Neuron 22, 451-461 (1999). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank E. Bach, D. Godt, S. Hayahsi, N. Perrimon and 

R. Read for reagents and fly stocks, and Jones laboratory members, G. Adams, 
M. Buszezak, C. Schulz, S. DiNardo and M. Fuller for discussions and comments on 
the manuscript. This work was supported by a training grant from the California 
Institute for Regenerative Medicine to the University of California-San Diego (L. 
Goldstein). D.LJ. is funded by the Ellison Medical Foundation, the American 
Federation for Aging Research, the G. Harold and Leila Y. Mathers Charitable 
Foundation, the ACS and the NIH. 


Author Contributions J.V. and D.L.J. planned experiments; J.V. and C.D'A. 
performed experiments and analysed data; D.L.J. wrote the manuscript; and J.V. 
and C.D'A. edited the manuscript. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. Correspondence and requests for materials should be 
addressed to D.L.J. (ljones@salk.edu). 


©2008 Macmillan Publishers Limited. All rights reserved 


doi:10.1038/nature07173 


METHODS 

Fly stocks. The following stocks were used; more information can be found at 
Flybase (http://flybase.bio.indiana.edu): hs-FLP-12, X-15-29, X- 15-33, Oregonk, 
hs-FLP-122, «-tubulinGAL80, «-tubulinGAL4, 2x-UASeGFP, FRT40A, FRTG13, 
osk*, osk?°!, shg!?, shg'™, esg° and esg'”. Flies of the genotype ese"; osk were 
generated by crossing esg"!/CyO; osk“"*/osk*™ females to esg™”'/CyO; osk4/ 
TM6b, Hu males. Controls were progeny from esg"’/CyO; osk“*/TM6b, Hu or 
esg"*!/CyO; osk?"!/TM6b, Hu females crossed to esg"*!/CyO; osk“"*/TM6b, Hu 
males. The UAS-shgRNAi stock was obtained from the Vienna Drosophila RNAi 
Center. 

MARCM analysis. MARCM wild-type control genotypes used were: y,w, hsflp'~?; 
FRT40A/FRT40A tubGAL80; tubGAL4/2x-UAS-eGFP and y,w, hsflp'?’; FRTG13/ 
FRTG13 tubGAL80; tubGAL4/2x-UAS-eGEFP. Mutant genotypes used were: esg°°° 
(y,w, hsflp'?; FRT40A esg?°°/ FRT40A tubGAL80; tubGAL4/2x-UAS-eGFP), esg” 
(yw, hsflp'?; FRT40A esg'?/FRT40A tubGAL80; tubGAL4/2x-UAS-eGFP), shg'?”? 
(yw, hsflp'??; FRTGI3 shg'°”/FRTGI3 tubGAL80; tubGAL4/2x-UAS-eGFP), 
she” (y,w, hsflp'?; FRTG13 shg'"/FRTG13 tubGAL80; tubGAL4/2x-UAS-eGFP). 
Immunostaining and microscopy. Testes were dissected and fixed in 2% PFA in 
PLP buffer (0.075 M lysine, 0.01 M sodium phosphate buffer pH 7.4) for 60 min 
at room temperature, rinsed for 30 min in PBS containing 0.3% Triton X-100 
and 0.3% sodium deoxycholate, rinsed for 15 min in PBS containing 0.1% Triton 
X-100, blocked for 30min in PBS containing 0.1% Triton X-100 and 0.3% 
bovine serum albumin, and immunostained with appropriate antibodies over- 
night at 4°C. Testes were then washed for 60 min at room temperature in PBS 
containing 0.1% Triton X-100, and incubated with appropriate secondary anti- 
bodies at room temperature for 4h. Testes were analysed with a Zeiss Axiovert 
200 microscope and processed, and AxioVision (version 4.5; C. Zeiss) and Adobe 
Photoshop software. Analysis of FasIII-, TJ- and B-galactosidase-labelled testes 
were performed using a Leica TCS SP2 AOBS confocal microscope and LCS Lite 
2.61.1537 software (Leica Microsystems). 

Antibodies. Testes were stained using the following: rabbit anti-B-galactosidase 
(1:2,000) (Cappel), guinea-pig anti-TJ (1:3,000) (gift from D. Godt), mouse 
anti-BrdU (1:100) (BD Biosciences), rat-anti-BrdU (1:100) (Accurate 
Chemicals), rabbit anti-GFP (1:5,000) (Molecular Probes), and rabbit anti- 
phosphorylated histone H3 (1:200) (Upstate Biotechnologies). Mouse anti- 
Fasciclin II] (7G10) (1:10) and rat anti-DE-cadherin (DCAD2) (1:20) were 
obtained from the Developmental Studies Hybridoma Bank. Secondary anti- 
bodies were diluted 1:500 (Molecular Probes). Samples were mounted in 
Vectashield mounting medium with DAPI (Vector Laboratories). 
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Mouse development with a single E2F activator 


Shih-Yin Tsai’*°*, Rene Opavsky’”**, Nidhi Sharma’*>*, Lizhao Wul?+, Shan Naidu**”, Eric Nolan’, 
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Prashant Trikha’”, Soledad A. Fernandez’, Paul Stromberg*, Thomas J. Rosol* & Gustavo Leone 


The E2F family is conserved from Caenorhabditis elegans to mam- 
mals, with some family members having transcription activation 
functions and others having repressor functions’’. Whereas C. 
elegans’ and Drosophila melanogaster*” have a single E2F activator 
protein and repressor protein, mammals have at least three activ- 
ator and five repressor proteins’”*. Why such genetic complexity 
evolved in mammals is not known. To begin to evaluate this gen- 
etic complexity, we targeted the inactivation of the entire subset of 
activators, E2f1, E2f2, E2f3a and E2f3b, singly or in combination in 
mice. We demonstrate that E2f3a is sufficient to support mouse 
embryonic and postnatal development. Remarkably, expression of 
E2f3b or E2fl from the E2f3a locus (E2f3a"™ or E2f3a'", respect- 
ively) suppressed all the postnatal phenotypes associated with the 
inactivation of E2f3a. We conclude that there is significant func- 
tional redundancy among activators and that the specific require- 
ment for E2f3a during postnatal development is dictated by 
regulatory sequences governing its selective spatiotemporal 
expression and not by its intrinsic protein functions. These find- 
ings provide a molecular basis for the observed specificity among 
E2F activators during development. 

Since the identification of the founding E2F family member, E2f1 
(ref. 7), two distinct genes in nematodes and flies and eight genes in 
mammals have been identified to encode the signature DNA binding 
domain that endow these transcription factors with E2F classifica- 
tion'’*®. Among the mammalian E2F activator subset, the E2f3 gene 
has emerged as the critical family member involved in the control of 
cell proliferation and development*’. The E23 locus was originally 
thought to encode a single DNA binding activity, but was later shown 
to drive the expression of two related isoforms, E2f3a and E2f3b, from 
two distinct promoters’®. Given the critical link between the E2/3 
locus and the control of cell proliferation, we used homologous 
recombination to disrupt individually its two isoforms in mice and 
rigorously evaluate how their functions are integrated with that of 
other E2F activators. The inactivation of E2f3a or E2f3b was achieved 
by targeting exon la or 1b sequences, respectively, using Cre/loxP 
technology (Fig. la). Mice deleted for either exon la or exon 1b were 
identified by Southern blot and genomic polymerase chain reaction 
(PCR) analysis (Fig. 1b). Specific ablation of E2f3a or E2f3b was 
confirmed by western blot assays using total E2F3-specific antibodies 
(Fig. 1c). 

It was previously shown that inactivation of both E2f3a and E2f3b 
(E2f3 ’) in mice with a mixed strain background yielded offspring 
that developed rather normally*’, but we show here that breeding 
these mice into a pure strain background (~98% pure) resulted in 
embryonic lethality (Fig. le and Supplementary Fig. 1). Intercrossing 
E2f3"’ mice of different pure backgrounds restored viability of 
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Figure 1| Generation of E2f3a and E2f3b knockout mice. a, Partial exon/ 
intron structure of the mouse E2f3 gene. The schematic illustrates the E2f3 
locus with two separate promoters driving the expression of E2f3a and 
E2f3b. The two transcription start sites are indicated by bent arrows. The 
targeting vectors and the final E2f3a and E2f3b targeted alleles are shown on 
the left and right, respectively. The solid bar represents a HindIII-BamHI 
fragment used as the Southern probe. The loxP sites are indicated as solid 
triangles; PCR primers are indicated by arrows. b, Southern blot (top panels) 
and PCR genotyping assays (bottom panels) were performed on MEFs with 
the indicated genotypes. c, Western blot analysis using E2F3-specific 
antibodies was performed on lysates derived from MEFs with the indicated 
genotypes. d, Micrograph of 1-month-old mice with the indicated genotypes. 
e, Genotypic analysis of offspring derived from E2f3*’, E2f3a*’ and 
E2f3b'’~ intercrosses (fifth generation FVB). A Fisher exact probability test 
was performed on each genetic group in comparison to the wild-type group; 
highly significant results are indicated by an asterisk. f, Body weights of 
E2f3'’* (grey), E2f3a ’ (red) and E2f3b ’~ (blue) mice at the indicated 
ages; n, number of animals measured for each genotype at each age; error 
bars represent deviations within each genetic group. A Student’s t-test was 
performed on each genetic group in comparison to the wild-type group. 
Highly significant results are indicated by an asterisk. 
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E2f3 ’— mice, albeit with some observed strain-specific biases 
(Supplementary Fig. 1). In contrast, the ablation of individual E2f3 
isoforms (E2f3a ‘~ or E2f3b ’) ina pure strain background yielded 
live pups at the expected mendelian frequency (Fig. 1d—f). These 
results suggest that E2/3a and E2f3b have redundant functions during 


a 
B3at/’+ 3at’- 3a7- B3at/+ Bat 3a/- B3at/* 3at- 3a 
Genotype Foti Fatt Fatt Jota 
Newborn 25 54 37 32 172 «114 32 83 39(5) 624 
Expected 29 72 43 35 156 99 35 78 49 
21 days 23 «54 «36 59 164 110 27, 74 ~—«19" 566 
Expected 25 65 39 57 142 94 32 71 = 45 
Genot 7 B3at!* 3at- 3a"- B3at/* 8at- 83a" B3at/* B3at- 83a" Total 
yP ofa E2fo- Foto 
21 days 0 5 2 9 14 «9 4 4 ~=«7 61 
Expected 2 6 3 6 14 8 3 1 8 
Batis 23a‘ E2f3a¥!- E2f3a7- ea 
YP Bott Bota Ett E22 Ett E2f2- 
E13.5 - 5 9 161 
Expected - 19 17, 
E17.5 0 1 4 38 
Expected 0 1 4 
E18.5 0 1 2(3) 43 
Expected 0 1 5 
Newborn 3 11 0*(4) 275 
Expected 3 13 13 
*Highly significant (P<0.05) 
b 
Genot a B3bt/* 3b+- 3b-"- 3bt!/* 3b*- 3b-- 3bt!/* 3b*- 3b-- Total 
YP Ett Eft Eft 
21 days 27.~«39~=C*#«W 45. 76 34 17 48 24 328 
Expected 21 4 21 4 82 4 21 4 21 
Genot a B3bt/* 3bt- 3b-- 3bt!/* 3b*- 3b-- 3bt!/+ 3b*- 3b-- Total 
yp E2f2* E2f2- E2f2 
21 days 11 17 ~ +10 20. 34 «16 1 +24 8 156 
Expected 8 18 10 18 39 «(24 10 21 12 
Gee. E2f3b+* E213 b+ E2f3b7- ai 
YP Eoft Ente oft E2f2- Eat E2f2- 
E13.5 S 1 2 58 
Expected - 1 3 
Newborn ie} 0 2 45 
Expected 0 1 2 
c eort+/- £292"! E263a*- d le2rt+/- £2f2*- E243b*- 
_ DB e2rt~-E2f2--E2f3a 19 Wueetteetet eta 
6 
2 P<0.0001 i) P<0.0001 
x 8 = 42 
2 = 
8 6 8 8- 
‘o 4 i 
o a 4 
pe} @ a 
Ee ? E 
> 0 2 0 
z°0 1 2 3 4 5 6 0 1 2 38 4 5 6 


Days after plating Days after plating 


Figure 2 | Genotypic analysis of embryos and offspring deficient for 
various combinations of activating E2Fs. a, Genotypic analysis of offspring 
deficient for E2f1, E2f2 and E2f3a (3a); highly significant results are 
indicated by an asterisk. Numbers in parentheses represent dead embryos/ 
pups. b, Genotypic analysis of offspring deficient for E2f1, E2f2 and E2f3b 
(3b). ¢, Growth curves of E2f1-’ E2f2-’ E2f3a ’~ (red) and littermate 
control MEFs (grey). Four independent primary MEF lines of each genotype 
were plated in duplicate and counted every day for 6 days; a representative 
experiment is presented in ¢, where the error bars represent deviations 
between duplicate measurements within the same experiment. d, Growth 
curves of E2f1~’ E2f2-/ E2f3b ‘~ (blue) and littermate control MEFs 
(grey). Two independent primary MEF lines of each genotype were plated in 
duplicate and counted every day for 6 days; the entire experiment was 
performed twice and a representative experiment is presented in d, where the 
error bars represent deviations between duplicate measurements within the 
same experiment. For the cell proliferation studies in ¢, d, a generalized 
linear model (GLM) was used to study the association between cell 
proliferation and group behaviour, combining the data from all experiments 
in each genetic study. The P-value shown in the graphs corresponds to the 
main ‘group effect’ (see Methods). 
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Figure 3 | E2f1 and E2f3a are essential for postnatal development. 

a, Micrograph of E2f1'’* E2f3a‘/", E2fl-’ E2f3a ’~, E2fi‘’* E2f3b*’* and 
E2f1~/ E2f3b-’— 30-day-old mice. b, Survival graph of mice with the 
indicated genotypes over a period of 1 year. ¢, Body weight of mice with the 
indicated genotypes and ages; E2f1*/* E2f3*’* represent mice that were 
pooled from the E2f1*/* E2f3a*’~ and E2f1*’* E2f3b‘’* genetic groups; n, 
number of animals measured for each genotype; error bars represent 
deviations within each genetic group. A Student’s t-test was performed on each 
genetic group in comparison to the wild-type group. Significant and highly 
significant results are indicated by a single and double asterisk, respectively. 
d, Micrograph of E2f1*/* E2f3a*’* and E2f1~’ E2f3a ‘~ 30-day-old mice 
with an open abdominal cavity; Inguinal WAT in the wild-type mouse is 
indicated by the white arrows; note the absence of WAT in the mutant mouse. 
e, Haematoxylin and eosin stained tissue sections of 21-day-old (unless 
indicated) E2f1'/* E2f3a‘’* and E2f1’ E2f3a ’~ mice. Top left: skin 
sections; note the complete absence of WAT beneath the skin of the mutant 
mouse. Middle left: adrenal gland sections; note the reduction of the adrenal 
cortex in double knockout mutant mice. Bottom left: ovary sections; note the 
presence of follicles (f) in both genetic groups but the poor development of 
corpus lutea (cl) in double knockout mutant female mice (6 months of age). 
Top right: proximal tibia sections; note the disorganization of nuclei in the 
growth plate (gr pl) of double knockout mutant mice. Middle right: lung 
sections; note the reduction of alveolar branching in double knockout mutant 
mice. Bottom right: testis sections; note the reduction in testis size and lack of 
spermatocytes. Scale bars, 200 lum. bm, bone marrow; c, cortex; m, medulla. 
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Figure 4 | Expression of E2f3b or E2f1 from the E2f3a locus suppresses 
phenotypes owing to loss of E2f3a. a, Targeting strategies for replacement 
of E2f3a with E2f3b (E2f3a°"™; top schematic) or E2f3a with E2fl (E2f3a'™; 
bottom schematic). Relevant exons are labelled; E2f1 indicates the E2f1 ORF. 
loxP sites are indicated as solid triangles; PCR genotyping primers are ; 
indicated by thin arrows; primers for measuring the expression of E2/3a°"™ 
and E2f3b alleles by real-time (RT) PCR are indicated by thick arrows. Note 
that RT primer 1 spans a region that is complementary to exon la and exon 
1b, as indicated by the red/black coloured arrow. b, c, Southern blot (top 
panels) and PCR (bottom panels) genotyping of genomic DNA derived from 
livers of 1-month-old E2f3a*”™ (b) and E2f3a'™ (c) mice. d, Real-time PCR 
gene expression analysis of the E2f3b (left panel) and F2f3a™* ( (right panel) 
alleles in E2f3a*’* (grey square) or E2f3a‘/" (red/blue square) MEFs. 
Primers used for each allele are indicated (for primer sequence information 
see Supplementary Fig. 6). Note that RT primers used to detect E2f3a°”™ also 
detect endogenous E2f3b allele as the 3’ portion of RT primer 1 is 
complementary with exon 1b sequences. Error bars are derived from 


embryonic development. Because of the functional plasticity that 
exists among E2F family members*''’, we examined the conse- 
quences of inactivating E2f3a or E2f3b in combination with the other 
two known E2F activators, E2f1 and E2f2. From the intercrosses 
described in Fig. 2a, b, we obtained pups doubly deleted for every 
possible combination of E2f1, E2f2, E2f3a or E2f1, E2f2, E2f3b at or 
near the expected ratios. Embryos with the two possible triple knock- 
out genotypes (E2fl~’ E2f2-‘ B2f3a’— and E2fl ’ E22’ 
E2f3b ‘~) were also obtained at late stages of embryonic develop- 
ment. Given that ablation of all four of these E2F genes in mixed 
strain background results in early embryonic lethality* (G.L., unpub- 
lished data), our current findings demonstrate that expression of at 
least one of the two E2f3 isoforms is necessary and sufficient to 
support fetal development in the absence of other E2F activators. 
The lack of any obvious proliferative defect in isoform-specific or 
triple knockout embryos prompted us to examine proliferation more 
closely in fibroblasts derived from these embryos. To this end, we 
generated mouse embryo fibroblasts (MEFs) from embryonic day 
(e)13.5 E2pfa’, E2f3b’, E2fl-’ E22.’ E2f3a ‘and 
E2fl ’ E2f2-’ E2f3b ’~ embryos and found that all four groups 
of mutant MEFs had the capacity to proliferate, albeit slightly slower 
than littermate-derived control MEFs (Fig. 2c, d, Supplementary Fig. 
2 and data not shown). Given our previous results showing that a 
combined deficiency in E2f1, E2f2, E2f3a and E2f3b completely abro- 
gates proliferation of MEFs*, these results suggest a critical and 


reactions performed in triplicate. e, Western blot analysis of E2F1 protein in 
proliferating MEFs with the indicated genotypes; o,-tubulin was detected as a 
loading control. Asterisk indicates a nonspecific band. f, Western blot 
analysis of E2F1 proteins in serum stimulated quiescent MEFs having the 
indicated genotypes; ‘h’ indicates the time when cells were harvested after 
stimulation. g, Western blot analysis of E2F3a and E2F3b proteins (E2F3 Sc- 
878) in proliferating MEFs with the indicated genotypes. Asterisk indicates a 
nonspecific band. h, Body weights of 6-month-old E2f3a‘’", E2f3a_ 

E2f3a SbKISbKI a F2f3al*” 1ki mice; n, number of animals measured for ch 
genotype; error bars represent deviations within each genetic group. 
Student’s t-tests were performed between all genetic groups and only 
significant pair-wise comparisons between groups are indicated by brackets 
(P-values). i, Micrograph of 1-month-old E2f3a‘’*, E2f1 ’ E2f3a ’ and 
E2f1~/~ E2f3a'*"™ mice. j, Haematoxylin and eosin staining of tissue 
sections of skin and bone from 21-day-old mice with the indicated 
genotypes. Scale bars, 200 um. bm, bone marrow; epi, epidermis; gr pl, 
growth plate; s mus, skeletal muscle. 


redundant role for the two E2f3 isoforms in the control of prolifera- 
tion. It would thus appear that expression of either E2/3 isoform 
is sufficient to support cell proliferation as well as embryonic 
development. 

Next we evaluated the role of E2F activators in postnatal develop- 
ment. Mice deficient for each E2f3 isoform appeared externally nor- 
mal, were fertile and lived a normal lifespan (Fig. 1d, Supplementary 
Fig. 3. and data not shown). We did note, however, that older E2/3a_/~ 
mice had less white adipose tissue (WAT) deposition than aged- 
matched E2f3b ‘~ or wild-type mice, lending to their thinner appear- 
ance (Fig. 1f and data not shown). Given the observed functional 
redundancy among E2Fs during embryonic development*'’”*, we 
reasoned that loss of additional E2F activators might accentuate the 
rather mild age-dependent phenotype in E2f3a ‘~ mice. Both 
E2fl ’~ and E2f2-’ mice were previously shown to have a relatively 
normal lifespan, but with age these mice developed haematopoietic- 
related complications'>’. As shown in Fig. 2a, E2f2’ E2f3a ’~ off- 
spring were born at the expected frequency, had normal birth weights 
and matured without any obvious additional defects. Newborn 
E2fl ’ E2f3a ’~ pups were also of normal weight and appearance, 
but by their third week of life the proliferative index in most tissues 
was significantly reduced (Supplementary Fig. 4b) and mice became 
severely runted (Fig. 3a—c). The weight of most organs was reduced in 
double knockout animals, but this decrease was generally propor- 
tional to the decrease in their total body weight (Supplementary 
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Fig. 4a). Gross inspection, however, revealed a total absence of inguinal 
and subdermal fat (Fig. 3d-e), an observation that was subsequently 
extended to all WAT deposits in the body. In contrast, brown adipose 
tissue was relatively unaffected. Analysis of food intake and faecal 
secretion ruled out a defect in eating behaviour or fat absorption as 
a cause for the absence of WAT (Supplementary Fig. 4c). Serum 
triglycerol levels as well as leptin, a major homeostatic regulator of 
lipid metabolism, were significantly lower in double knockout mice 
than in control animals (Supplementary Fig. 4d), suggesting a more 
direct role of E2F3a function in lipid metabolism. Not surprisingly, 
most E2f1’~ E2f3a ’~ pups died within their first month of life, and 
the few mice that lived longer were severely incapacitated and could be 
kept alive only by intensive husbandry (Fig. 3b). 

Pathological analysis revealed additional organ defects that could 
account for the growth retardation, general unhealthy disposition 
and high morbidity of E2fl-’ E2f3a ’~ mice. For example, by 
21 days of age, the growth plates in long bones of double knockout 
mice were severely dysplastic with many cells having mega-nuclei 
that contributed to poor development of trabeculae (Fig. 3e). This 
was accompanied by a significant decrease in circulating growth 
hormone and insulin-like growth factor (IGF)-I levels and a relative 
increase in brain/body weight ratio (Supplementary Fig. 4a, e), pro- 
viding an interesting parallel to growth hormone deficiency in 
humans, which causes dwarfism and mainly affects the growth of 
limbs but not the skull. Moreover, the outer cortex of their adrenal 
glands lacked a functional zona fasciculata and their lungs were also 
abnormal, with a decrease in the branching of the epithelium 
(Fig. 3e). Young mutant males exhibited severe testicular hypoplasia 
and females had hypoplastic ovaries that lacked a well-developed 
corpora lutea (Fig. 3e). As a result the few mice that lived past 
2 months of age were infertile. We conclude that multi-organ failure 
resulted in the general deterioration of health and early death of 
E2fl_‘ E2f3a ’ mice. These results illustrate the critical and 
redundant roles of E2f1 and E2f3a during postnatal development. 

In contrast to E2f1‘’ E2f3a ‘~ mice, E2fl ’ E2f3b ’~ and 
E22’ E2f3b ‘~ progeny developed normally through puberty 
and adulthood and had a normal lifespan (Fig. 3b and data not 
shown). Whereas young E2f1 ’ E2f3b ’ mice were slightly smaller 
than wild-type controls (Fig. 3a and 3c), thorough histological exam- 
ination failed to detect any of the mutant phenotypes observed in 
E2f1 / E2f3a ‘~ animals, including in WAT, bone, adrenal glands, 
lungs and gonads (data not shown). These observations suggest 
important differences between E2f3a and E2f3b during postnatal 
development. Analysis of E2fl-’ E2f2-’ E2f3a and 
E2fl’ E2f2-’ E2f3b ’~ triple knockout animals also revealed sig- 
nificant differences between the contribution of E2f3a and E2f3b 
towards postnatal development. Whereas both sets of triple knock- 
out embryos could be carried to late stages of gestation, 
E2ft/ E2f2-’ E2f3a / embryos died _ perinatally and 
E2ft / E2f2-’ E2f3b ’~ pups lived well into adulthood, albeit their 
body weight was reduced (Fig. 2a, b and data not shown). These 
findings demonstrate that mouse development can proceed in the 
presence of a single E2F activator, E2f3a. 

The different roles of E2f3a and E2f3b during postnatal develop- 
ment could reflect differences in the function of their gene products 
or differences in the control of their expression” ~’. To differentiate 
between these possibilities we used homologous recombination in 
mouse embryonic stem cells to replace the coding sequence of exon 
1a with the coding sequence of exon 1b (E2f3a°"; Fig. 4a, top panel). 
We were careful to avoid the inadvertent perturbation of regulatory 
regions that govern expression from the E2f3a locus by leaving the 5’ 
untranslated region and the 3’ splicing junction of exon la intact 
(Fig. 4b). This strategy resulted in the synthesis of an E2f3a*’ mRNA 
that was expressed with a similar cell cycle profile as endogenous 
E2f3a and other known E2F targets, without affecting the expres- 
sion of endogenous £2f3b (Fig. 4d). Strikingly, both E2f3a°"*"7"™" as 
well as E2fl / E2f3a*°"" mice had normal body weight, WAT 
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deposition, bone structure and growth, adrenal gland morphology 
and function, as well as normal lung and gonad morphology (Fig. 4h, 
j, Supplementary Fig. 5 and data not shown). We suggest that the 
differential requirement for E2f3a and E2f3b during postnatal 
development is not based on intrinsic differences between E2F3a 
and E2F3b protein functions, but rather on differences between 
how their loci dictate their respective expression. 

The above results prompted us to take a similar genetic strategy to 
determine whether a more distantly related family member, E2f1, 
could also substitute for E2f3a. Introduction of the murine E2f1 
coding sequence into exon la of the E2f3a locus (Fig. 4a bottom 
panel and Fig. 4c) resulted in the cell-cycle-dependent expression 
of E2F1 protein (Fig. 4e, f) without affecting expression from the 
nearby E2f3b locus (Fig. 4g). Remarkably, E2f3a’*""' as well as 
E2fl / E2f3a'*"" mice lacked any of the phenotypes caused by a 
deficiency in E2f3a and lived to old age (Fig. 4h—j, Supplementary Fig. 
5 and data not shown). Together, these findings suggest that the 
specific role of E2f3a in postnatal development is largely predicated 
by regulatory sequences governing its spatiotemporal expression pat- 
tern. However, we can not rule out specific functions for individual 
E2Fs in tissues that are not critical for development and that were 
not analysed here. These observations provide a molecular basis 
for the observed specificity among E2F family members during 
development. 

Many reasons have been provided to explain why mammals have 
an expanded E2F family when nematodes and flies have a single E2F 
activator and a single repressor. Extensive genetic and biochemical 
analysis using cell culture systems has demonstrated that different 
E2F activators interact with specific cofactors and elicit different 
biological responses***°. These studies inspired the view that the 
complexity of the mammalian E2F family affords a more complex 
and presumably better equipped organism to develop, but in vivo 
evidence in support of this hypothesis has been lacking. The in vivo 
analyses presented here provide new perspectives to this old problem. 
Our current findings suggest that biological processes regulated by 
E2F during development in nematodes, flies and mammals are more 
alike than previously anticipated because, like in nematodes and flies, 
a single E2F activator (E2f3a) is sufficient to support development in 
the mouse. The surprising observation that E2F3a protein function 
during postnatal development can be substituted equally well by 
either the structurally related E2F3b or the more distantly related 
E2F1 proteins highlights the critical nature of E2f3a regulatory 
sequences for postnatal development. It would appear that beyond 
broadening gene expression patterns, the mammalian genome has 
gained little developmental currency by the acquisition of additional 
E2F family members. It remains possible that the evolution of mul- 
tiple E2Fs in mammals might represent an adaptation that could 
serve, beyond simply broadening expression patterns, to meet the 
challenges faced by ageing animals reared in their natural habitat. 


METHODS SUMMARY 

Construction of E2f3a, E2f3b, E2f3a*"™ and E2f3a'* targeting vectors. The 
triple JoxP vector system and standard cloning techniques were used to construct 
all targeting vectors* (see Supplementary Information for details). 

Generation of E2f3a~’", E2f3b~", E2f3a%*30' and E2f3a!*"™ mice. TC1 
129Sv/Ev ES cells were electroporated with 50 ug of NotlI-linearized targeting 
vectors. Homologous recombination was selected with G418 and ganciclovir and 
verified by Southern blotting using 5’ and 3’ external probes. Appropriate ES 
clones were injected into e3.5 C57BL/6 blastocysts that were subsequently 
implanted into foster mothers. We bred the resulting chimaeras with NIH black 
Swiss females and selected agouti offspring for genotyping. Offspring with germ- 
line transmission of the E2f3a or E2f3b targeted alleles were bred with ElIa-cre 
mice to excise exon la or exon 1b, respectively, as well as the neomycin cassette. 
Genotyping of knockout and knockin mice. Genotyping of offspring was per- 
formed by PCR and Southern blot analysis. Southern blots analysis was per- 
formed using genomic DNA digested with EcoRI and a *’P-labelled HindIII- 
BamHI fragment as the hybridization probe. The wild type, E2f3a and E2f3b 
knockout, as well as the E2f3a°""' and E2f3a'™ alleles, yielded fragments of 
approximately 6 kb, 5.2 kb, 4.4 kb, 7 kb and 9 kb, respectively. Homozygous mice 
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were obtained by interbreeding heterozygous mice of each genotype. Multiplex 
PCR for genotyping used three primers for E2f3a (primer 1, primer 2, primer 3) 
and E2/3b (primer 4, primer 5, primer 6), and the same two primers for E2psarvki 
and E2f3a'™ (primer 7; primer 8). Primer sequences are listed in Supplementary 
Fig. 6. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Construction of E2f3a, E2f3b, E2f3a*"" and E2f3a"™ targeting vectors. The 
E2f3a knockout vector contained a neo cassette flanked by loxP sites, which was 
inserted into the Haell restriction site 108 bp upstream of the E2/3a starting 
codon. An additional /oxP site was inserted into the HindIII site ~300 bp down- 
stream of exon la. The two arms of homology used for recombination included a 
total 3.1-kb HindIII-EcoRI fragment upstream of the neo cassette and a 900-bp 
fragment downstream of the 3’ loxP site. For the E2f3b knockout targeting 
vector, the same /oxP-flanked neo cassette was inserted ~800 bp upstream of 
exon 1b and an additional loxP site was inserted ~ 1.8 kb downstream of exon 1b. 
The two arms of homology used for recombination included a 1-kb HindIII- 
HindIII fragment upstream of the neo cassette and a 9-kb EcoRI-Xhol fragment 
downstream of the 3’ loxP site. The E2f3a*""' and E2f3a’ knockin constructs 
were identical to the E2f3a knockout construct described above with the follow- 
ing exceptions. For the E2/3a*"" construct, the exon 1b open reading frame 
(ORF) was replaced with the exon la ORF. For the E2p3al™ construct, the E2f1 
ORF carrying its own termination codon was inserted downstream of the first 
ATG in exon la. All the final targeting vectors were confirmed by direct DNA 
sequencing. 

Fat absorption assay. Fat absorption assays were performed on 1-month-old 
mice at the mouse metabolic phenotyping centre at the University of Cincinnati 
as described previously”*. 

Blood serum analysis. Mice at 21 days of age were killed and serum was collected 
from blood by centrifugation at 6,000g. The serum was then stored at —80°C 
until further analysis. Triglycerides, cholesterol and leptin were analysed by the 
Mouse Metabolic Phenotyping Center at the University of Cincinnati. Analysis 
of serum growth hormone and IGF-I was performed at the Vanderbilt hormone 
assays and analytical core services. 

Generation of MEFs and cell culture conditions. Primary MEFs were isolated 
from e13.5 embryos using standard methods*. MEFs were cultured in DMEM 
with 15% fetal bovine serum (FBS). Proliferation assays were performed by 
plating MEFs at 1.45 X 10° cells per 60-mm dish. Duplicate plates were counted 
daily using a Beckton Dickson Coulter Counter and were re-plated 72h after at 
the same initial density. Four independent E2fl /~ E2f2-’ E2f3a ‘~ MEF lines 
and two independent E2f1~’ E2f2-’ E2f3b ’ MEE lines with their control 
littermate were used in the proliferation assays. Statistical analysis was performed 
by pooling all experiments. 

Protein and RNA analysis. Cells were scraped from culture dishes in chilled PBS, 
centrifuged, and washed once with ice-cold PBS. Total protein extracts were 
prepared by incubating cells in RIPA extraction buffer for 30 min on ice. Total 
protein was then separated by SDS-PAGE and transferred to PVDF membranes. 
Blots were probed with antibodies specific for E2F3 (Santa Cruz Sc-878) or E2F1 
(Santa Cruz Sc-193); anti-«-tubulin (Sigma T6199) was used to determine pro- 
tein loading. Total RNA was extracted from MEFs using Qiagen RNeasy mini kit. 
Reverse transcription of 2 ug of total RNA was performed by combining 1 kl of 
Superscript III reverse transcriptase (Invitrogen), 4 ul of 5X buffer, 0.5 pl of 
100 mM oligo dT primer, 0.5 tl of 25 mM dNTPs, 1.0 pl of 0.1 M dithiothreitol, 
1.0 ul of RNase Inhibitor (Roche) and water up to a volume of 20 pl. Reactions 
were incubated at 50 °C for 60 min and then diluted fivefold with 80 kl of water. 
Real-time RT—PCR was performed using the BioRad iCycler PCR machine. Each 
PCR reaction contained 0.5 tl of CDNA template and primers at a concentration 
of 100 nM in a final volume of 25 ll of SYBR green reaction mix (BioRad). Each 
PCR reaction yielded only the expected amplicon as shown by the melting- 
temperature profiles of the final products and by gel electrophoresis. Standard 
curves were generated using cDNA to determine the linear range and PCR 
efficiency of each primer pair. Reactions were performed in triplicate and relative 
amounts of cDNA were normalized to GAPDH. Primer sequences are listed in 
Supplementary Fig. 6. 

Histopathology and immunohistochemistry. Tissue samples were collected 
and fixed in 10% neutral formalin. Five-micrometre-thick sections were cut 
and then stained for with haematoxylin and eosin by standard protocols. 
Immunohistochemistry using Ki-67-specific antibodies (BD Pharmingen 
550609) was performed on paraffin-embedded sections. 

Statistical analysis. For the proliferation assays in MEFs, a generalized linear 
model (GLM) was used to study the association between the outcome variable 
and group. Time was used as a categorical variable, and the interaction ‘time’ by 
‘group’ was also included in the model. A fixed effect ‘experiment’ was included 
to take into account the differences (or variability) among experiments. 


26. Jandacek, R. J., Heubi, J. E. & Tso, P. A novel, noninvasive method for the 
measurement of intestinal fat absorption. Gastroenterology 127, 139-144 (2004). 


©2008 Macmillan Publishers Limited. All rights reserved 


nature 


nature 


LETTERS 


Vol 454|28 August 2008|doi:10.1038/nature07163 


Cell-specific ATP7A transport sustains 
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Copper is a cofactor for many cellular enzymes and transporters’. 
It can be loaded onto secreted and endomembrane cuproproteins 
by translocation from the cytosol into membrane-bound orga- 
nelles by ATP7A or ATP7B transporters, the genes for which are 
mutated in the copper imbalance syndromes Menkes disease and 
Wilson disease, respectively’. Endomembrane cuproproteins are 
thought to incorporate copper stably on transit through the trans- 
Golgi network, in which ATP7A accumulates’ by dynamic cycling 
through early endocytic compartments*. Here we show that the 
pigment-cell-specific cuproenzyme tyrosinase acquires copper 
only transiently and inefficiently within the trans-Golgi network 
of mouse melanocytes. To catalyse melanin synthesis, tyrosinase is 
subsequently reloaded with copper within specialized organelles 
called melanosomes. Copper is supplied to melanosomes by 
ATP7A, a cohort of which localizes to melanosomes in a biogenesis 
of lysosome-related organelles complex-1 (BLOC-1)-dependent 
manner. These results indicate that cell-type-specific localization 
of a metal transporter is required to sustain metallation of an 
endomembrane cuproenzyme, providing a mechanism for exquis- 
ite spatial control of metalloenzyme activity. Moreover, because 
BLOC-1 subunits are mutated in subtypes of the genetic disease 
Hermansky—Pudlak syndrome, these results also show that defects 
in copper transporter localization contribute to hypopigmenta- 
tion, and hence perhaps other systemic defects, in Hermansky-— 
Pudlak syndrome. 

Copper is essential for all cells, but is particularly important for 
vertebrate pigmentation as a cofactor for the enzyme tyrosinase’. 
Tyrosinase is expressed in epidermal melanocytes and ocular pig- 
ment cells, and catalyses the initial steps of melanin biosynthesis 
within melanosomes®. Mutations in either of two copper-binding 
sites in tyrosinase ablate enzymatic activity and result in oculocuta- 
neous albinism’. Melanin synthesis is limited to melanosomes, but 
tyrosinase is thought to acquire copper within the trans-Golgi net- 
work (TGN) as it traverses the secretory pathway towards melano- 
somes, because copper-dependent tyrosinase enzyme activity is first 
detected in the TGN® and in nearby clathrin-coated vesicles’. Copper 
is supplied to tyrosinase by the transporter ATP7A"; accordingly, 
ATP7A-deficient mice are severely hypopigmented'""’. 

Hypopigmentation is a feature of Hermansky—Pudlak syndrome 
(HPS)"*, a multisystem disorder of subcellular organelle formation. 
HPS and corresponding mouse models result from mutations in any 
of 15 genes, most of which encode subunits of cytoplasmic complexes 
that regulate membrane trafficking. Among them, mutations in 
components of the eight-subunit BLOC-1 cause the most severe 


hypopigmentation"™ and an almost complete absence of pigment in 
melanocytes’*. Several melanosomal proteins, including tyrosinase- 
related protein-1 (TYRP1), are notably missorted and excluded from 
melanosome precursors in BLOC-1-deficient (BLOC-1_ ) cells’, but 
tyrosinase is only partially missorted such that a substantial cohort 
properly localizes to non-pigmented melanosome precursors’’. We 
hypothesized that these organelles lack pigment because the tyrosi- 
nase within them is inactive, perhaps owing to lack of its essential 
cofactor, copper. We thus assessed copper transporter localization in 
melanocytes and its dependence on BLOC-1. 

By immunofluorescence microscopy (IFM) analysis of wild-type 
pigmented mouse melanocyte cell lines, ATP7A was detected in the 
perinuclear area and in punctate structures characteristic of the TGN 
and endosomes as in most other cell types, but was also detected in 
~98% of pigmented cells within mature melanosomes, apparent as 
‘doughnuts’ filled with dark melanin (Fig. la). These ATP7A-contain- 
ing structures colocalized with pigment granules detected by bright 
field microscopy (Fig. 1a, inset) and with the melanosome membrane 
protein TYRP1 (Fig. 1c, inset). ATP7B was not detected in these cells 
by IFM (data not shown). The signal obtained with the anti-ATP7A 
antibody was specific, because it was diminished (in an average of 
28%-39% of cells) on depletion of endogenous ATP7A after trans- 
duction with several different Atp7a-specific small interfering RNAs 
(siRNAs) or with short hairpin RNA (shRNA) expression constructs 
(Fig. 1d and Supplementary Fig. 1). Moreover, the signal did not 
reflect nonspecific adherence to melanin, because many of the 
ATP7A-depleted, antibody-non-reactive cells retained pigment 
(probably synthesized before ATP7A depletion; Fig. 1d, e and 
Supplementary Fig. 1). Immunoelectron microscopy (IEM) analysis 
confirmed that ATP7A localizes not only to Golgi and TGN mem- 
branes (see later in manuscript) but also to the limiting and intralu- 
menal membranes of pigmented melanosomes (Fig. If, g). This 
intramelanosomal distribution resembled that of tyrosinase'®. 
ATP7A localization to melanosomes was further verified by subcellu- 
lar fractionation (see later), consistent with a proteomic analysis of 
melanosome-enriched subcellular fractions of human MNT-1 mela- 
noma cells'’. Together, these results establish that a cohort of ATP7A 
in wild-type pigmented melanocytes localizes to melanosomes. 

Whereas a cohort of tyrosinase is present in non-pigmented mel- 
anosomes in BLOC-1™ cells, other melanosome proteins, including 
TYRP1, are excluded from melanosomes and accumulate in vacuolar 
early endosomes'’. Like TYRP1 (but not tyrosinase’), ATP7A was 
excluded from melanosomes in these cells, because it did not colo- 
calize appreciably with the melanosome precursor marker, PMEL17, 
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using IFM ( Supplementary Fig. 3C), and was not detected in fibrillar 
melanosomes using IEM (Fig. 2g and Supplementary Fig. 4a, b). 
Instead, ATP7A localized predominantly to the perinuclear area 
and peripheral early endosomes in BLOC-1” melan-mu and 
melan-rp cells, as shown by extensive colocalization with the mislo- 
calized TYRP1 using IFM (Fig. 2a and Supplementary Fig. 2; in 
melan-mu, 39+11% of peripheral ATP7A puncta contained 
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Figure 1| Copper transporter ATP7A localizes to melanosomes in wild- 
type melanocytes. a—c, Fixed melan-a (wild-type) cells were analysed by 
IFM with antibodies to ATP7A (a) and TYRP1 (c). The corresponding bright 
field (BF; b) image shows pigmented melanosomes. The insets show X3- 
magnified overlays of the boxed regions comparing ATP7A to melanosomes 
(pseudocoloured blue from an inverted BF image; a), melanosomes to 
TYRP1 (b) and ATP7A to TYRP1 (c). Arrowheads, colocalized ATP7A, 
melanosomes and TYRP1. Scale bar, 10 um. d, e, Wild-type melan-Ink4a 
melanocytes were transduced with siRNA to Atp7a (Atp7a-3 siRNA) and 
analysed 48 h later by IFM for ATP7A and bright field microscopy. Arrow, a 
cell in which labelling for ATP7A on pigment granules is lost. Scale bar, 

10 uum. f, g, Ultrathin cryosections of wild-type melan-a cells were 
immunogold labelled with anti-ATP7A antibody (15 nm gold; ATP7A 15) 
and analysed by electron microscopy. Arrows indicate labelling of stage II 
and IV melanosomes (III and IV), predominantly on the internal 
membranes within them. See also Supplementary Fig. 4. End., endosomes; 
scale bars, 500 nm (f) and 200 nm (g). 
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TYRP1 and 81 + 11% of TYRP1 puncta contained ATP7A; mean = - 
s.e.m.) and with the early endosomal markers EEA1 and syntaxin 13 
(also known as syntaxin 12; Fig. 2b, cand Supplementary Fig. 3A, B). 
IEM analyses confirmed that ATP7A in these cells localized primarily 
to Golgi membranes and secondarily to tubulovesicular and vacuolar 
endosomes—which also often contained TYRP1, internalized trans- 
ferrin (TRF) and tyrosinase (Fig. 2g-i and Supplementary Fig. 4a, 
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Figure 2 | ATP7A is mislocalized to early endosomes in BLOC-1-deficient 
melanocytes. a-f, IFM analysis of BLOC-1  (melan-mu, a—c) and BLOcC-1" 
(melan-mu:MuHA, d-f) melanocytes labelled with antibodies to ATP7A and 
TYRP1 (a, d), EEA1 (b, e) or transiently expressed myc epitope-tagged 
syntaxin 13 (myc-STX13; ¢, f). Insets represent boxed regions magnified <3. 
Arrowheads, ATP7A colocalized with the indicated marker; scale bar, 10 um. 
Note that TYRP1 labels melanosomes in BLOC-1* cells but early endosomes 
in BLOC-1  cells’*; EEA1 and myc-STX13 label early endosomes in both cell 
types. g—i, Ultrathin cryosections of BLOC-1 melan-mu cells were 
immunogold labelled with antibodies to ATP7A (15 nm gold; ATP7A 15) 
and tyrosinase (10 nm gold; TYR 10; g), internalized TRF (10 nm gold; TRF- 
FITC; h) or TYRP1 (i; 10 nm gold; TYRP1 10) and analysed by electron 
microscopy. Arrows indicate labelling of ATP7A and arrowheads represent 
ATP7A with TRF TYR or TYRP1 on endosomes. Asterisks in g indicate 
striated melanosomes labelled for tyrosinase but not ATP7A. End., 
endosomes; scale bars, 200 nm. See also Supplementary Fig. 4. j, Subcellular 
fractionation of BLOC-1~ (melan-mu) and BLOC-1* (melan-mu:MuHA) 
cells on sucrose step gradients. Eluted fractions (2, 4, 8 and 10), collected 
from bottom to top, and lysates (L, input loading control) were probed by 
immunoblot with antibodies to ATP7A, TYRP1 and TRF receptor (to label 
early endosomes). Note the bands for ATP7A and TYRP1, but not TRF 
receptor (middle band), in pigment-containing fractions 2 and 4 from 
melan-mu:MuHA but not melan-mu cells. k, Whole cell lysates from 
tyrosinase-deficient (tyrosinase , melan-c), BLOC-1  (melan-mu) and 
BLOC-1" (melan-mu:MuHA) were fractionated by SDS-PAGE and 
immunoblotted with antibodies to ATP7A, TYRP1 and tubulin. 
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b)—and to multivesicular late endosomes. BLOC-1 ‘rescue’ by 
expression of the missing Muted or BLOS3 (also known as 
BLOC1S3) subunit in melan-mu or melan-rp cells, respectively, 
resulted in reduced ATP7A expression (Fig. 2k) but nevertheless 
restored pigmentation and melanosome localization for both 
ATP7A and TYRP1. IFM showed that 25% + 7% of peripheral 
ATP7A localized to TYRPl-containing rings in BLOC-1-rescued 
(BLOC-1®) melan-mu:MuHA cells, and IEM showed that ATP7A 
was detected in melanosomes, as well as in endosomes and Golgi 
(Fig. 2d-f and Supplementary Figs 2 and 4c—e). 

IFM and IEM analyses were confirmed by subcellular fractionation 
on sucrose step gradients, in which a cohort of ATP7A was detected 
together with TYRP1 in a high density, pigmented melanosome frac- 
tion from BLOC-1* cells but not from BLOC-1~ cells (Fig. 2j and 
Supplementary Fig. 4f). In the latter, ATP7A was only detected in low- 
density fractions and cofractionated with the TRF receptor and mis- 
targeted TYRP1 (Fig. 2) and Supplementary Fig. 4f). Furthermore, the 
results of cross-linking and immunoprecipitation analyses from both 
BLOC-1~ and BLOC-1* cells show that a cohort of ATP7A associates 
with the BLOC-1-dependent cargo protein TYRP1, but not BLOC-1- 
independent cargoes LAMP1 or TRF receptor (Supplementary Fig. 
5a—c). Although the interaction with TYRP1 is not required for 
ATP7A trafficking to melanosomes (Supplementary Fig. 5d), the 
results suggest that ATP7A and TYRP1 are in close proximity within 
a transport intermediate before BLOC-1 function. Together, the data 
establish that melanosomal localization of ATP7A requires BLOC-1. 
In contrast, adaptor protein 3 (AP-3) is dispensable for ATP7A traf- 
ficking to melanosomes, because a large cohort of ATP7A, like TYRP1 
(ref. 15), efficiently localized to pigmented melanosomes in AP3B1- 
deficient melan-pe cells derived from HPS type 2 model pearl mice 
(Supplementary Fig. 2m-o). 

If ATP7A is required to supply copper to tyrosinase in melano- 
somes, then the cohort of tyrosinase in non-pigmented melanosomes 
of BLOC-1~ cells might be inactive owing to a lack of copper resulting 
from the absence of ATP7A. Indeed, 3,4-dihydroxy-phenylalanine 
(DOPA) cytochemistry analyses showed that tyrosinase activity in 
BLOC-1” melan-mu cells was nearly as low as that in tyrosinase- 
deficient melan-c cells, as judged by the paucity of melanin deposits 
formed in the presence of the tyrosinase substrate L-DOPA relative to 
the negative control D-DOPA (Fig. 3a, b, g, h). In contrast, -DOPA- 
induced melanin deposits were clearly observed in BLOC-1* melan- 
mu:MuHA cells (Fig. 3c, d) and AP3Bl1-deficient melan-pe cells 
(Fig. 31, j). The low tyrosinase activity in BLOC-1 cells did not result 
from tyrosinase instability because immunoblotting showed that tyr- 
osinase protein levels were only modestly lower in BLOC-1 than in 
BLOC-1* cells, and much higher than the residual unprocessed tyr- 
osinase in melan-c cells (Fig. 3k). Modest tyrosinase activity was 
detected in melan-rp cells (Fig. 3e, f), which lack the BLOC-1 subunit 
BLOS3; this is consistent with the partial assembly of BLOC-1 in these 
cells'® and the milder hypopigmentation of reduced pigmentation 
mice from which melan-rp cells are derived'*””. Together, these results 
indicate that tyrosinase is largely inactive in BLOC-1 melanocytes. 

To determine whether tyrosinase in BLOC-1 melanocytes is inact- 
ive because it lacks copper, we tested whether the addition of copper to 
the post-fixation DOPA cytochemistry reaction restored activity. 
Indeed, t-DOPA-dependent melanin pigmentation was notably 
increased in BLOC-1~ melan-mu cells by the addition of 20 uM cop- 
per sulphate (Fig. 4a-d). Pigmentation of BLOC-1* melan- 
mu:MuHA cells also increased on copper addition, albeit not as not- 
ably (Supplementary Fig. 6a—d). To determine the subcellular location 
of tyrosinase activity in these cells, DOPA cytochemistry reactions 
were analysed by electron microscopy. As expected, L-DOPA-induced 
melanin deposits (indicating active tyrosinase) in BLOC-1* melano- 
cytes were observed in mature (stage III and IV) melanosomes (Fig. 4g, 
h) and in the TGN in both the absence and the presence of copper, 
although copper consistently increased the signal in the TGN (Fig. 4g, 
h); a cohort (~26%-28%; Supplementary Fig. 7g) of melanosomes 
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Figure 3 | Tyrosinase is present but inactive in BLOC-1-deficient 
melanocytes. a-j, Bright field microscopy analysis of BLOC-1  (melan-mu, 
a, b; melan-rp, e, f), BLOC-1® (melan-mu:MuHA, ¢, d), AP-3-deficient 
(melan-pe, i, j) and tyrosinase mutant (melan-c, g, h) mouse melanocytes 
treated with L- or D-DOPA for 3 h. Tyrosinase activity is indicated by 
melanin deposition in the presence of L-DOPA but not D-DOPA. Insets show 
boxed regions magnified <5; scale bars, 10 1m. Note melanin deposits were 
not observed in melan-mu (a) or control melan-c (g) cells, and modest 
deposits were observed in melan-rp cells in which BLOC-1 is partially 
assembled (e). k, Whole cell lysates of mouse melanocytes were fractionated 
by SDS-PAGE and immunoblotted with anti-tyrosinase antibody. Blots 
were reprobed with anti-tubulin antibody as a loading control. Note that 
tyrosinase protein levels are only mildly reduced in BLOC-1 melan-mu 
cells relative to BLOC-1" melan-mu:MuHA cells. 
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remained unpigmented (Supplementary Fig. 7a, b), consistent with 
the absence of tyrosinase from stage II melanosomes’’. In contrast, 
without added copper, L-DOPA-induced melanin deposits were only 
observed in the TGN of BLOC-1” melan-mu cells and not in the 
striated melanosomes (Fig. 4e and Supplementary Fig. 7c, e, g). 
Addition of copper to the L-DOPA cytochemistry reaction resulted 
in further melanin deposition within most striated melanosomes in 
BLOC-1 cells (Fig. 4f and Supplementary Fig. 7d, f); the fraction of 
melanosomes containing pigment among these cells was comparable 
to that of wild-type cells (Supplementary Fig. 7g). The pigmented 
organelles observed in the presence of copper probably correspond 
to slightly more electron-dense fibrillar organelles observed in the 
absence of copper (Supplementary Fig. 7c) and that harbour 
both PMEL17 and tyrosinase’*. Together, these data indicate that 
tyrosinase is initially activated in the TGN, where ATP7A accumulates 
in these cells (Supplementary Fig. 4a—e), but is inactive in the 


Figure 4 | Copper restores in vitro tyrosinase activity in melanosomes of 
BLOC-1-deficient melanocytes. a—h, DOPA cytochemistry of BLOC-1~ 
melan-mu (a-f) or BLOC-1® melan-mu:MuHA (g, h) cells in the absence or 
presence (+ copper) of 20 1M copper sulphate in the reaction buffer. 

a-d, Bright field microscopy analysis of cells treated for 4h as indicated. 
Insets, boxed regions magnified 5; scale bars, 10 um. Note the increased 
melanin deposits in BLOC-1 cells in the presence (¢) compared to the 
absence (a) of copper. e—h, Electron microscopy analysis of thin sections of 
cells treated for 2 h. Note melanin deposits in the trans-most Golgi cisternae, 
but not in striated melanosomes, of BLOC-1 melan-mu cells in the absence 
of excess copper (e; inset), and the extra deposition of melanin in striated 
melanosomes in the presence of copper (f, asterisks; inset). II, IV, 
melanosome stages II and IV; GA, golgi apparatus; PM, plasma membrane; 
TGN, trans-Golgi network. Scale bars, 500 nm and inset, 200 nm. 
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nonpigmented melanosomes specifically because of a lack of copper. 
Copper also stimulated tyrosinase activity in BLOC-1~ cells within 
tubular and vacuolar endosomes (Supplementary Fig. 7d, f), to 
which a cohort of tyrosinase is mislocalized in these cells'*. Despite 
the presence of 25%-50% of immunodetectable tyrosinase in early 
endosomes of wild-type melanocytes'*”®, very little enzyme activity 
was detected in endosomes of BLOC-1" cells regardless of the 
addition of copper (Supplementary Fig. 7a, b). Because the TGN 
and tubular endosomes are intermediates in tyrosinase transport to 
melanosomes'’, the data suggest that tyrosinase inefficiently binds 
copper ions in the TGN in vivo and loses its bound copper ions in 
endosomes en route to melanosomes. 

Our studies show that tissue-specific localization of the copper 
transporter ATP7A to alysosome-related organelle, the melanosome, 
is required to supply copper to sustain the activity of a resident 
metalloenzyme, tyrosinase. We confirm that tyrosinase is first loaded 
with copper in the TGN®, a normal trafficking intermediate en route 
to melanosomes. However, unlike for ceruloplasmin, which binds 
copper very stably”, the copper seems to be loaded onto tyrosinase 
inefficiently and is subsequently stripped—probably in endosomal 
intermediates that function in TGN-to-melanosome trafficking'°— 
and must be reloaded within mature melanosomes. This mechanism 
provides tight spatial control of tyrosinase activity to ensure that 
melanin is produced only in mature melanosomes and that endoso- 
mal transport intermediates and melanosome precursors are pro- 
tected from toxic melanin intermediates generated by premature 
tyrosinase activity (the TGN might additionally lack the L-DOPA 
or tyrosine substrates). Similar spatial regulation of copper integ- 
ration probably exists for other endomembrane metalloproteins such 
as peptidylglycine «-amidating monooxygenase”, and preliminary 
results (our unpublished data) suggest that copper release from tyr- 
osinase can be regulated by extracellular cues to provide fine-tuning 
of cuproenzyme activity. How bound copper is destabilized within 
endosomes is not clear, but a contributing factor is probably the low 
pH of these compartments. Tyrosinase is inactive at acidic pH”, 
perhaps owing to protonation of copper-coordinating histidine resi- 
dues within the copper-binding domain’’, and even the addition of 
excess copper in vitro could not restore tyrosinase activity at a pH of 5 
in BLOC-1~ melanocytes (Supplementary Fig. 8). However, pro- 
longed exposure to low pH does not seem to be sufficient to desta- 
bilize bound copper (data not shown), suggesting that extra factors 
participate. In contrast, melanosomes become more alkaline as they 
mature™, providing an environment conducive to the reactivation of 
tyrosinase on re-exposure to copper. 

The localization of ATP7A to melanosomes requires BLOC-1, 
which facilitates tissue-specific transport of selected cargoes to mel- 
anosomes’> and other lysosome-related organelles’****’. This 
dependence in part explains the hypopigmentation of BLOC-1-defi- 
cient mice and human patients with HPS types 7 and 8. 
Mislocalization of metal transporters such as ATP7A or ATP7B 
might contribute to other cell type defects in HPS, including the loss 
of functional dense granules in platelets and of lamellar bodies in type 
II pneumocytes. Retinal pigment epithelial cells, which also harbour 
melanosomes and are hypopigmented in HPS, express both ATP7A 
and ATP7B**. Whether either or both transporters localize to mela- 
nosomes during the brief period of melanogenesis in these cells” 
remains to be tested. Notably, tyrosinase activity in BLOC-1” mel- 
anocytes could be restored by addition of copper in vitro 
(Supplementary Fig. 7i), but not by incubation of live cells in excess 
copper (data not shown). This suggests that alternative transporters 
on melanosomes either cannot substitute for ATP7A or are also 
mislocalized in BLOC-1 cells. 


METHODS SUMMARY 


For bright field and immunofluorescence microscopy, cells were fixed with 2%— 
4% formaldehyde, labelled with the indicated primary and Alexa Fluor-conju- 
gated secondary antibodies and analysed on a DM IRBE microscope (Leica 
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Microsystems) equipped with an Orca digital camera (Hamamatsu) using 
OpenLab software (Improvision). Images obtained from consecutive z-planes 
were processed using subtractive volume deconvoluton with Improvision 
OpenLab. DOPA cytochemistry was performed as described* and similarly 
analysed but without image deconvolution; all images were obtained at similar 
camera and illumination settings. Electron microscopy analyses of immunogold- 
labelled ultrathin cryosections or of DOPA-treated cells, and immunoblotting of 
whole cell lysates, were performed as described'*"”. Melan-Ink4a cells were trans- 
fected with siRNAs using oligofectamine and either analysed two to three days 
later (Fig. 1) or transfected a second time on day 3 and analysed two days later 
(Supplementary Fig. 1). Subcellular fractionation of cells disrupted by Dounce 
homogenization was performed using sedimentation on sucrose step gradients. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Reagents. Chemicals were from Sigma-Aldrich except where noted. Tissue cul- 
ture reagents and Oligofectamine were from Invitrogen. FuGENE 6, 
Hygromycin B and protease inhibitor cocktail were from Roche Diagnostics. 
Protein A conjugated to 10- and 15-nm gold particles (PAG10 and PAG15) was 
from Cell Microscopy Center. 

Antibodies. Monoclonal antibodies: TA99 to TYRP1 and 9E10 to myc were from 
American Type Culture Collection; 1D4B to mouse LAMP-1 was from 
Developmental Studies Hybridoma Bank; HMB-45 to PMEL17 was from Lab 
Vision; H68.4 to TRF receptor was from Zymed; and GTU88 to y-tubulin was 
from Sigma-Aldrich. Polyclonal rabbit antibodies: H-90 to TYRP1 (used for 
immunoblotting) was from Santa Cruz Biotechnology; anti-fluorescein isothio- 
cyanate (FITC) was from Invitrogen; and anti-tyrosinase’* and anti-ATP7A 
(used for IFM studies)*' have been described. Goat anti-EEA1 was from Santa 
Cruz Biotechnology. To generate Menkes antibody, Menkes peptide, corres- 
ponding to the carboxy-terminal 21 amino acid of mouse ATP7A (accession 
number NM 009726; sequence, SEPDKHSLLVGDFREDDDTTL), was synthe- 
sized and used to produce polyclonal antisera in rabbits (Genemed Synthesis). 
Crude antisera were used for immunoblotting experiments. For IEM experi- 
ments, antisera were affinity purified using Menkes peptide coupled to 
SulfoLink coupling gel (Pierce) according to the manufacturer’s instructions. 
DNA constructs and siRNAs. Human syntaxin 13 with an N-terminal myc- 
epitope tag was amplified from I.M.A.G.E. clone 3851266 and subcloned into the 
BamHI and Xhol sites of pCDNA3.1(+) (Invitrogen). Atp7a shRNA constructs 
were generated by cloning oligodeoxyribonucleotide duplexes containing the 
target sequences into the BamHI-HindIll sites of pRS shRNA (OriGene 
Technologies). The following sequences were selected as targets: AAA 
TGGCATGACTTGTAATTC = (Atp7a-1), AATCTATGGGTTTAGAAGTAG 
(Atp7a-2) and AAAGATCGATCAGCCAACCAC (Atp7a-3). All plasmid inserts 
were verified by DNA sequencing. siRNAs bearing identical target sequences 
were obtained from Qiagen Sciences, Inc. As a control, empty pRS shRNA 
plasmid or siRNA to human t-Golgin-1 (ref. 32) was used in shRNA or siRNA 
experiments, respectively. 

Cell culture, transgene expression and siRNA transduction. The following 
immortalized mouse melanocyte cell lines were used. Wild-type melan-a** and 
melan-Ink4a** from C57BL/6 mice, tyrosinase-deficient melan-c and TYRP1- 
deficient melan-b’’, AP-3-deficient melan-pe'®, BLOC-1-deficient melan-mu3 
(melan-mu) and melan-rp2 (melan-rp) and rescued melan-mu:MuHA and 
melan-rp:BLOS3 (stably expressing their respective missing BLOC-1 subunit)”’, 
have been described. BLOC-1-deficient (BLOC-1) and BLOC-1 rescued 
(BLOC-18) cells in the text refer to melan-mu and melan-mu:MuHA, respect- 
ively, unless otherwise stated. All cells were maintained as described** except 
without added cholera toxin. For shRNA knockdown, melan-Ink4a cells were 
transiently transfected using FuGene-6 with 2 ig of each shRNA construct sepa- 
rately in a 6 well dish and analysed 48h post-transfection. For siRNA knock- 
down, melan-Ink4a cells were transiently transfected twice using oligofectamine 
as described™ and analysed one to two days after the second transfection. For 
transient expression of myc-syntaxin 13, melan-mu and melan-mu:MuHA cells 
were transfected using FuGene-6 with 2 1g of plasmid in a 6 well dish. Cells were 
analysed by IFM 48h later; analysis was limited to cells expressing low levels of 
the transgene. 

In vitro tyrosinase activity. DOPA cytochemistry was carried out as described 
previously”. In brief, for light microscopy analyses, cells on coverslips were 
freshly fixed with 4% formaldehyde, washed thrice with PBS and incubated at 
37°C for 2-4h in PBS containing 0.1% L-DOPA or D-DOPA (as a negative 
control) with or without 20 UM copper sulphate. The assay was carried out in 
either PBS pH 7.4 or citrate phosphate buffer pH 6.0 or pH 5.0, with or without 
20 uM copper sulphate. Cells were washed with PBS and analysed by bright field 
microscopy as described using identical camera settings. For electron micro- 
scopy, cells were fixed for 1-2 h with Karnovsky’s fixative (72 mM sodium caco- 
dylate pH 7.4, 4% paraformaldehyde and 4mM calcium chloride) containing 
0.5% glutaraldehyde and rinsed 2-3 times with cacodylate buffer (0.2 M sodium 
cacodylate, pH 7.4, 0.1 M calcium chloride). Cells were incubated at 37 °C for 2h 
in cacodylate buffer containing 0.1% L-DOPA or D-DOPA with or without 
20 1M copper sulphate, and then washed 2-3 times and fixed overnight with 
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Karnovsky’s fixative containing 2% glutaraldehyde. Cells were rinsed, incubated 
for 1h in cacodylate buffer containing 1% osmium tetroxide and 1.5% pot- 
assium ferrocyanide, washed, dehydrated and embedded for sectioning as 
described”. 

Immunofluorescence microscopy and immunoelectron microscopy. IFM and 
IEM studies were carried out as described’’. To quantify marker overlap using 
IFM, deconvolved paired images were rendered binary by density slicing and the 
total area of overlap between them was calculated for objects containing more 
than 5 pixels, excluding the densely labelled perinuclear area. Eleven to eighteen 
cell profiles comprising >5,000 objects were quantified for each pairwise com- 
parison. For IEM, TRF-FITC was internalized for 15 min and detected with anti- 
FITC antibody. Quantification of the fraction of pigmented melanosomes was 
determined by counting 228-303 oblong compartments each in epon-embedded 
sections of melan-mu and melan-mu:MuHA cells, treated with L-DOPA with 
and without added copper. 

Immunoblotting and subcellular fractionation. For immunoblotting of whole 
cell lysates, cells were lysed at 4 X 10’ cellsml~! in 100 mM Tris-HCl pH 7.6, 
100 mM NaCl, 1% SDS and protease inhibitor cocktail, sonicated for 1-2 min in 
a water bath sonicator, clarified by centrifugation, fractionated and immuno- 
blotted as described**. For subcellular fractionation, cells were washed with PBS, 
suspended in 0.25M sucrose buffer (0.25M sucrose, 1mM EDTA, 25mM 
HEPES, pH 7.4, 0.02% sodium azide and protease inhibitor cocktail) and then 
homogenized using a hand-held Dounce homogenizer. Cell homogenates were 
clarified by centrifugation at 700g at 4°C for 10 min and fractionated on a 
sucrose step gradient (2.0M, 1.6M, 1.4M, 1.2M and 1.0M sucrose densities 
from bottom to top) at 160,000gat 4 °C for 4 hina Beckman L-80 ultracentrifuge 
using a SW4ITi rotor. Fractions were collected from bottom to top using a 
peristaltic pump. Aliquots of each fraction were further fractionated by SDS— 
PAGE and probed by immunoblotting with antibodies to ATP7A, TYRP1 and 
TRE receptor. The melanosome fraction in wild-type cells, assessed by pigmenta- 
tion and quantified by Agoo, appears largely at the interfaces between 2.0 M and 
1.4M sucrose densities. 

Co-immunoprecipitation. Cells were collected, washed once with PBS, sus- 
pended in bicine buffer (0.1 M bicine pH 8.0, 50mM sodium chloride, 1 mM 
magnesium chloride and protease inhibitor cocktail) with or without dithiobis(- 
succinimidylpropionate) (Pierce) at indicated concentrations, and then incu- 
bated on ice for 30 min. Cells were then lysed in 1% Triton X-100 or 6% CHAPS 
on ice for 10 min. Cross-linking reactions were neutralized by the addition of 
Tris-HCl pH 7.4 (25 mM) at room temperature for 10 min and then clarified by 
centrifugation at 20,800g at 4°C for 20min. Lysates were pre-incubated for 
30 min at 4°C with protein A or G-Sepharose (GE Healthcare Bio-Sciences) 
pre-bound to normal rabbit sera, and then incubated for 10-16 h at 4°C with 
protein A or G-Sepharose pre-bound to anti-TYRP1 antibody or to anti-TRF 
receptor or anti-LAMP1 antibodies as negative controls. After the incubation, 
beads were washed twice with wash buffer (0.1M Tris-HCl, pH 7.4, 50 mM 
sodium chloride, 1mM magnesium chloride and either 0.1% Triton X-100 or 
0.6% CHAPS) and suspended in SDS-PAGE sample buffer. Cross-linked pro- 
ducts were cleaved with dithiothreitol (30mM) and incubated at 50°C for 
20 min. All samples were fractionated by SDS-PAGE and immunoblotted with 
antibodies to ATP7A, TYRP1 and either TRF receptor or LAMP-1. 


31. Hamaza, |., Prohaska, J. & Gitlin, J. D. Essential role for Atox1 in the copper- 
mediated intracellular trafficking of the Menkes ATPase. Proc. Natl Acad. Sci. USA 
100, 1215-1220 (2003). 

32. Sviderskaya, E. V. et al. p16(Ink4a) in melanocyte senescence and differentiation. 
J. Natl. Cancer Inst. 94, 446-454 (2002). 

33. Bennett, D. C. et al. Cloned mouse melanocyte lines carrying the germline 
mutations albino and brown: complementation in culture. Development 105, 
379-385 (1989). 

34. Yoshino, A. et al. tGolgin-1 (p230, golgin-245) modulates Shiga-toxin transport to 
the Golgi and Golgi motility towards the microtubule-organizing centre. J. Cell Sci. 
118, 2279-2293 (2005). 

35. Reynolds, E. S. The use of lead citrate at high pH as an electron-opaque stain in 
electron microscopy. J. Cell Biol. 17, 208-212 (1963). 

36. Berson, J. F. et al. Pmel17 initiates premelanosome morphogenesis within 
multivesicular bodies. Mol. Biol. Cell 12, 3451-3464 (2001). 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 454/28 August 2008 


naturejobs 


he course of true love never did run smooth — and the same can often 
be said of arelationship with science. At last week's meeting of the 
American Chemical Society in Philadelphia, Pennsylvania, a careers 
session heard one such story of highs and lows. 


Rachel Pytel discussed two personal timelines. Her career timeline was fairly 


typical — graduate school, recruitment on-campus, careers fairs — but her “attitude 
timeline” was a lot more revealing. When she began graduate school in 2002, Pytel 
summed up her attitude with the phrase: “Yay, science!” By 2003, disillusionment 
had set in and it was: “Man, | stink at this. Everyone's smarter than me.” By 2004, 
she'd decided she didn't hate science, but she hated doing research. But Pytel 


would again refine her assessment, and she later decided that doing research was 


fine, as long it was applied and team-oriented. She elected to avoid academia and 


government and took a job at materials-science company Rohm and Haas. 

At a separate session, other chemists discussed how they found career paths that 
both fuel their love of science and make them excited to go to work every day. Derrick 
Hamlin uses his master's degree in chemistry to bolster his law practice. It has helped 
him defend clients in drug, drink-driving and environmental cases. In one case, he 
exonerated a client facing arson charges by telling the jury about the evaporation rate 
of chemicals left behind when burning gasoline rather than kerosene. 

Jennifer Mass uses her chemistry training in art conservation — investigating 
the chemistry behind art degradation and finding ways to restore damaged works. 
She and her colleagues, for example, showed that one reason for patches of 
faded colour in Matisse’s painting The Joy of Life is that he used paints containing 
cadmium rather than the more expensive chromium. 

For Pytel, the key was not finding an ‘unconventional’ job but planning her career 
search. She attributes her satisfaction with her career to patiently attending careers 


fairs, preparing for job interviews and carefully reflecting on what pace she wanted 
and skills she possessed. Only then did she once again exclaim: “Yay, science!” 
Gene Russo is editor of Naturejobs. 
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Spamface 


Down in the jungle, something stirs. 


Martin Hayes 


It was the first big story of my career. I'd 
graduated in 2022 and, after a couple of 
months bumming around, I'd managed to 
land a job at gomergomergomer.com. The 
pay was lousy and so were the hours but 
the editor hardly ever interfered with my 
articles. I was 25, stone broke and living in 
my pal Warren’s junk room, but I was also 
incredibly happy to be an actual, real-life 
working journalist. 

I got the story because no one 
else wanted it — five weeks in 
the Brazilian rain forest with 
the Lost Earth Project. The 
LEP had secured a hefty grant 
to track down and study the 
half-dozen or so still-uncon- 
tacted tribes living in the 
forest. It had been decided in 
2008 that all efforts would be 
made to prevent these tribes 
from coming into contact 
with the outside world. This 
obviously ruled out study and 
observation, but in the inter- 
vening years technology had 
advanced to the point at which 
the LEP could incorporate 
declassified Military Invisibil- 
ity Shield technology into a light 
and packable material. The plan 
was to use this new technology, in the 
form of invisible tents and hides, to moni- 
tor a tribe near the border with Peru. The 
LEP people would film them day and night, 
document their activities and customs, and 
I would be there, documenting the film- 
makers, taking notes for what was planned 
to be a four-issue series on ggg.com. 

It had taken more than a year to get 
authorization for the expedition. Peo- 
ple were understandably worried that 
there might be some catastrophic clash 
of cultures. The LEP team consisted of 
three men, two women and their mascot, 
an AI raccoon called Spamface. He was 
one of the early series-theta models, not 
indistinguishable from a real raccoon but 
close enough and pretty sharp. They used 
him as a kind of personable computer: 
he recorded their conversations, trans- 
lated the local dialect, transmitted their 
research, made the coffee and cracked 
dirty jokes. He walked on his hind legs 
and wore a small waist-pack in which he 
stored his cell-phone, a cigarette lighter 
(although I never saw him smoke) and 
a random collection of old electrical 


components. He was treated like any other 
team member. 

The invisible hides worked well and 
we set up a small filming post about four 
hundred yards from the village. Wed only 
been there three days when things began 
to go wrong. 

Spamface started acting a little screwy, 
he'd forget to send the previous day's foot- 
age, make basic errors in his calculations, 
and the jokes just kept getting dirtier and 
dirtier. Steve, the team leader, thought that 


maybe the high humidity levels were play- 
ing havoc with his circuits. 

On the fifth day we woke as usual at 
6 a.m.. Spamface was gone, and coming 
from the forest was a kind of low, monoto- 
nous chant. 

Steve fired up the camera and zoomed 
in on the commotion. 

Spamface was sitting nonchalantly on 
the steps of the chief-elder’s hut, com- 
pletely surrounded by chanting tribesmen. 
The women were all kneeling and rocking 
back and forth. Spamface crossed his legs 
and began telling one of his jokes and soon 
they were all crying with laughter. 

Steve's first instinct was to rush into the 
camp, grab the pesky raccoon, poke his 
finger into its right ear and flick the off 
switch. He couldn't though: contact with 
the tribe was forbidden. He'd have to get 
permission from both his bosses and the 
Brazilian government and without Spam- 
face’s high-speed transmitter that could 
take hours, even days. 

By sundown Spamface had shown them 
how to make alcohol; used a complicated 
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system of pulleys, tracks and differently 
sized pieces of fruit to explain the helio- 
centric theory; built a small but functional 
dynamo from the odds and ends in his 
waist-pack; and started showing them old 
episodes of Mr Bean on his phone. They 
loved it. 

Within 24 hours they had constructed 
an elaborate throne and it soon became 
clear that Spamface was being worshipped 
as a god. He had his pick of the women, 
although, thankfully, he was a first- 

generation model and so lacked 
the equipment to carry the offer 
through. Some of the men began 
tattooing Spamface’s chuckling 
visage onto their chests. 

They really did believe him to 
be a god. And who could blame 
them — a remote tribe who were 

met with a small, ferociously 

intelligent raccoon who just 
happened to speak the local dia- 
lect, who could create light in 
the darkness simply by winding 
the handle of a small machine, 
who could show them mov- 
ing images of a man in a tweed 
jacket gurning and driving 
badly, and who imparted all his 
knowledge to them freely, with- 
out any ulterior motive. 

They were spending up to seven 
hours a day kneeling and chanting at the 
foot of his throne when we finally received 
permission to go in under cover of dark- 
ness and get him the hell out of there. 

We retrieved him without too much 
trouble, Steve was bitten on the wrist while 
trying to deactivate him but that was as bad 
as it got. By sun-up on the following day, 
we were ten miles away. 

The whole thing had been such a fiasco 
that ggg.com decided to spike the article 
— eight hard days in the jungle, and all for 
nothing. 

I kept track of the story though, and 
when news of the lost tribe broke, some 
missionaries tracked them down and tried 
to convert them. The tribe threw them out 
of the village. The chief was later reported 
to have said that: “A talking racoon was 
one thing, but outlandish stories of loaves, 
fishes and virgin births was simply too 
much mumbo-jumbo to be believed” m 
Martin Hayes lives in Arklow, a town on 
the east coast of Ireland. His short stories 
have appeared in various magazines and 
anthologies. He also writes comics. You 
can visit him at www.paroneiria.com. 
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